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FOREWORD 


During  the  past  15  to  20  years,  reaction-thrust  (rocket)  engineer¬ 
ing  has  undergone  particularly  rapid  development. 

The  engines  which  are  used  in  reaction-thrust  flying  craft  operate 
on  the  principle  of  the  reaction  of  a  stream  of  gases,  formed  in  the 
burning  of  a  propellant,  said  gases  being  discharged  through  an  open 
nozzle  section  at  a  great  velocity. 

We  know  of  two  types  of  engines:  there  are  air-reaction  engines 
and  there  are  rocket  engines.  In  the  case  of  air-reaction  engines, 
petroleum  products  serve  as  the  combustible  (fuel)  and  the  oxygen  of 
the  air  is  employed  as  the  oxidizer;  the  working  fluid  for  these  en¬ 
gines  is  made  up  of  nitrogen  and  the  products  of  propellant  combustion. 
Engines  of  this  type  are  installed  on  flying  craft  operating  in  the 
lower  layers  of  the  atmosphere  (up  to  15  to  25  km),  in  military  and 
civilian  jet  aircraft,  in  pilotless  aircraft,  and  in  the  various  sys¬ 
tems  employed  in  rocket  launching. 

Rocket  engines  are  intended  for  rockets.  In  terms  of  propellant, 
these  engines  are  subdivided  into  liquid  and  solid  engines  [engines 
operating  on  liquid  and  solid  propellants,  respectively]. 

Liquid  rocket  engines,  and  occasionally  solid  rocket  engines,  are 
used  on  a  large  scale  for  the  investigation  of  the  upper  layers  of  the 
atmosphere,  i.e.,  at  altitudes  between  50  and  1500  km. 

Much  progress  has  been  recorded  in  recent  years  in  the  study  of 
outer  space  by  means  of  rockets  with  powerful  engines  capable  of  over¬ 
coming  the  force  of  terrestrial  gravitation.  For  example,  over  the 
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past  few  years  tens  of  satellites  have  been  sent  into  orbit  around  the 
Earth.  Cosmic  rockets  have  been  sent  to  the  Moon  and  Venus  and  have 
also  become  artificial  satellites  of  the  Sun.  And,  finally.  Major 
Yuriy  Gagarin  and  Major  Gherman  Titov,  aboard  the  space  vehicles  "Vos- 
tok"  and  "Vostok-2"  from  the  Soviet  Union,  were  the  first  to  penetrate 
outer  space,  orbit  the  globe,  and  return  to  Earth. 

Air-reaction  and  rocket  engines  are  used  on  various  types  of  fly¬ 
ing  craft,  but  they  are  also  frequently  used  in  combination.  For  exam¬ 
ple,  in  a  number  of  cases  rocket  engines  are  mounted  on  jet  aircraft 
in  addition  to  the  air-reaction  engines;  liquid  and  solid  rocket  en¬ 
gines  are  used  on  a  great  scale  to  assist  aircraft  on  takeoff;  and  air- 
reaction  engines  are  sometimes  used  to  accelerate  rockets  in  the  at¬ 
mosphere. 

In  connection  with  the  widespread  application  of  new  types  of  pro¬ 
pellants,  we  have  before  us  a  new  field  of  knowledge  -  the  physics  and 
the  chemistry  of  liquid  and  solid  reaction  (rocket)  propellants  -  and 
this  discipline  seeks  to  study  the  relationship  between  the  chemical 
composition  and  the  properties  of  the  propellants  as  they  are  used  in 
engines,  as  well  as  to  develop  propellant-production  methods,  i.e.,  to 
study  all  that  pertains  to  the  scientific  basis  for  the  production  and 
application  of  reaction  propellants. 

While  the  literature  (monographs,  collections,  etc.)  on  reaction 
engines  in  the  Soviet  Union  and  abroad  is  quite  extensive,  the  litera¬ 
ture  on  the  chemical  composition  of  propellants  for  reaction  engines 
is  quite  limited. 

In  this  connection,  the  author  attempted  in  his  book  to  generalize 
the  extensive  material  in  the  literature  on  this  problem,  said  data 
found  primarily  in  journals.  This  book  is  a  revised  and  considerably 
expanded  version  of  the  author's  monograph  "The  Chemical  Composition 
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and  Properties  of  Reaction  Propellants"  which  was  published  in  1958. 

Of  course ,  the  book  is  not  free  of  flaws,  but  these  are  due  to 
newness  of  the  problem,  and  the  author  will  gladly  receive  any  com¬ 
ments  from  the  readers. 

Professor  Ya.M.  Paushkin 
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INTRODUCTION 


The  widespread  development  during  the  past  10  to  20  years  of  reac¬ 
tion  engineering  with  its  liquid  and  air-reaction  engines  was  preceded 
by  an  extensive  period  (more  than  half  a  century)  during  which  the 
theoretical  foundations  for  reaction-thrust  motion  were  being  worked 
out. 

The  theoretical  fundamentals  of  reaction  engineering  were  first 
presented  in  works  of  the  outstanding  Russian  scientist  K.E.  Tsiolkov- 
skiy  (1857-1935),  more  than  50  years  ago.  As  early  as  1898,  K.E.  Tsiol- 
kovskiy  -  after  extensive  work  -  derived  the  mathematical  theories  for 
the  f Light  of  a  rocket  craft  and  the  functioning  of  a  reaction  engine, 
said  theories  published  by  him  in  1903.  In  these  works,  in  addition  to 
discussing  the  theoretical  foundations  of  reaction-thrust  motion,  hy¬ 
drocarbon  and  liquid-oxygen  fuels  were  proposed  for  the  first  time  as 
propellants  for  reaction  engines. 

Later  on,  K.E.  Tsiolkovskiy  pointed  out  methods  of  using  reaction 

engines  for  flights  within  the  atmosphere,  using  the  oxygen  of  the  air 

* 

as  the  oxidizer.  This  principle  is  employed  today  in  aircraft  with  air- 
reaction  engines. 

K.E.  Tsiolkovskiy  was  the  first  to  resolve  the  following  problems: 
he  proposed  the  principles  and  design  for  a  liquid  rocket  engine,  and 
he  suggested  the  utilization  in  rocket  engines  of  liquid  oxygen,  liq¬ 
uid  ozone,  and  the  oxides  of  nitrogen  as  oxidizers:  he  suggested  the 
use  of  hydrocarbons  and  hydrogen  as  the  combustible  (fuel);  he  derived 
the  formula  for  the  maximum  flight  velocity  of  a  rocket  at  the  end  of 
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the  active  phase  and  this  formula  is  of  great  and  basic  importance;  he 
proposed  the  principle  of  employing  a  pump  for  the  pressurized  feed  of 
the  propellant  into  the  combustion  chamber  of  an  engine,  and  it  was 
also  his  idea  to  use  one  of  the  components  of  the  propellant  for  the 
purpose  of  cooling  the  engine  chamber;  he  laid  the  basis  for  the  util¬ 
ization  of  graphite  and  high-melting  metals  for  the  fabrication  of 
nozzles  and  engine  chambers;  he  proposed  the  use  of  control  surfaces 
situated  in  the  stream  of  the  gases  flowing  out  of  the  engine  nozzle 
for  purposes  of  rocket-flight  control;  he  laid  the  groundwork  for  the 
various  aspects  of  using  rockets  in  the  study  of  outer  space;  he  pre¬ 
sented  the  idea  of  using  composite  and  multistage  rockets  to  attain 
cosmic  flight  velocities;  he  developed  the  theory  of  using  winged  re¬ 
action-thrust  missiles  to  achieve  great  flight  range  in  the  atmosphere; 
and  it  was  he  who  expressed  the  idea  of  designing  a  jet  aircraft  cap¬ 
able  of  using  the  oxygen  of  the  air  in  its  engine. 

K.E.  Tsiolkovskiy  left  us  with  a  great  scientific  legacy:  prior 
to  the  Great  October  Socialist  Revolution  he  published  some  50  works, 
and  after  the  Revolution  he  published  more  than  150  works. 

In  the  history  of  the  development  of  rocket  engineering,  in  addi¬ 
tion  to  K.E.  Tsiolkovskiy,  we  will  forever  find  the  name  F. A.  Tsander 
(1887-1933)  -  a  Russian  engineer  and  a  firm  believer  in  the  possibility 
of  interplanetary  flight  —  who  began  his  work  on  problems  related  to 
Interplanetary  flight  in  1908. 

In  his  book  "Problems  of  Flight  with  Reaction-Thrust  Craft,"  pub¬ 
lished  in  1932,  F. A.  Tsander  discussed  the  results  of  his  investiga¬ 
tions.  He  had  worked  out  solutions  to  such  problems  as  the  use  of 
metals  in  rocket  propellants,  the  principles  involved  in  thermal  cal¬ 
culation  and  the  cooling  of  rocket-engine  chambers,  the  theory  of 
rocket  flight  along  an  elliptical  trajectory,  the  flight  of  an  air- 
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craft,  with  a  jet  engine ,  the  selection  of  the  most  efficient  propel¬ 
lants  for  rocket  engines,  and  he  was  the  first  in  the  Soviet  Union  to 

design  rocket  engines  operating  on  oxygen. 

Yu.V.  Kondratyuk  (1900-1941)  is  another  of  the  pioneers  in  rocket 
engineering  in  the  Soviet  Union;  he  began  his  work  in  the  field  of 
re act ion- thrust  motion  in  1917  and  in  1929  published  a  book  entitled 
"The  Conquest  of  Interplanetary  Space."  He  suggested  the  use  of  lith¬ 
ium,  boron,  and  other  solid  fuels  (combustibles)  in  rocket  propellants, 
and  it  was  he  who  investigated  the  dynamics  of  the  takeoff  of  a  winged 
reaction-thrust  craft,  and  he  developed  the  theory  of  multistage 
rockets* 

Starting  in  1930,  the  USSR  began  the  development  of  the  first 
liquid  rocket  engines.  This  work  was  carried  out  by  two  groups  of  en¬ 
gineers  and  scientists  in  Moscow  and  Leningrad. 

In  the  period  from  1930  to  1940,  quite  much  was  done  in  this 
field,  particularly  if  we  take  into  consideration  the  level  of  engi¬ 
neering  at  that  time. 

For  example,  in  1930  the  small  rocket  engine  ORM-1,  developing  a 
thrust  of  20  kg,  was  designed  and  built;  this  engine  operated  on  ox- 
idts  of  nitrogen  and  toluene. 

In  1933  an  engine  was  built  to  operate  on  liquid  oxygen  and  jel¬ 
lied  gasoline.  The  gasoline  was  placed  directly  into  the  combustion 
chamber,  and  the  liquid  oxygen  was  supplied  from  a  special  tank.  This 
engine  was  mounted  on  the  "09"  rocket  and  developed  a  thrust  of  52  kg 
for  15  to  18  seconds.  The  first  Soviet  rocket  with  this  engine  was 
launched  on  17  August  1933.  The  rocket  had  a  launch  weight  of  18  kg 
and  it  was  2.4  meters  long. 

In  1932-1933,  under  the  guidance  of  F. A.  Tsander,  the  liquid 
rocket  OR-2  engine,  operating  on  liquid  oxygen  and  gasoline,  was  built 
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this  engine  developed  a  thrust  of  between  50  and  100  kg. 

The  OR -2  engine  was  tested  on  the  GIRD-X  rocket  which  was  launched 
on  25  November  1933*  The  rocket  weighed  29-3  kg  and  it  was  2.2  m  long; 
the  engine  developed  a  thrust  of  70  kg  for  a  period  of  22  seconds.  The 
rated  altitude  of  the  rocket  was  5*5  km.  The  OR-2  engine  was  also  de¬ 
signed  to  be  mounted  on  a  rocket  glider. 

In  1932,  work  was  begun  on  the  design  of  a  liquid  reaction  engine 
with  a  turbopump  assembly  and  capable  of  developing  from  500  to  5000  kg 
of  thrust. 

In  1933,  the  ORM-52  rocket  engine  was  built;  this  engine,  operat¬ 
ing  on  nitric  acid  and  kerosene,  was  extremely  large  for  its  time. 

In  1934,  the  "07"  rocket  with  a  liquid-oxygen  and  ethyl-alcohol 
engine  was  built.  The  flight  tests  of  this  rocket  were  carried  out  on 
17  November  1934.  The  engine  developed  a  thrust  of  80  to  85  kg  for  22 
to  27  seconds.  The  flight  range  of  the  rocket  was  some  4  km. 

From  1934  to  1937  work  was  being  done  on  improving  and  developing 
new  liquid  rockets. 

In  April  of  1935  a  liquid-oxygen  and  ethyl -alcohol  rocket  was 
tested;  this  rocket  flew  a  distance  of  5*5  km. 

By  1936  the  rather  large  12/K  alcohol  and  liquid  oxygen  engine 
had  been  developed;  this  engine  was  rated  for  a  thrust  of  300  kg.  It 
was  mounted  on  the  "05"  rocket  which  was  3*2  m  long  and  0.3  m  in  di¬ 
ameter;  the  launching  weight  of  the  rocket  was  89  kg  and  the  engine 
developed  a  thrust  of  205  kg.  This  rocket,  together  with  this  engine, 
was  flown  on  5  April  1936. 

In  April  of  1937  tens  of  rockets  with  alcohol  and  liquid-oxygen 
engines  were  launched  to  altitudes  of  3-5  and  4.5  km  in  vertical  flight. 

In  1939  tests  were  completed  on  the  winged  "212"  rocket  on  which 
an  ORM-65  engine  was  mounted;  this  engine  operated  on  nitric  acid  and 
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kerosene;  this  engine  was  capable  of  developing  a  thrust  of  175  kg. 

The  rocket  was  equipped  with  an  automatic  autonomous  control  system. 
The  flight  range  for  the  rocket  amounted  to .some  50  kilometers. 

From  1935  to  1937  the  USSR  was  engaged  in  the  development  of  yet 
another  rocket,  this  one  weighing  some  100  kg,  with  the  launching  tak¬ 
ing  place  in  1937*  The  rocket  attained  an  altitude  of  approximately 
3000  meters. 

From  1933  to  1940  twelve  types  of  various  stratospheric  rockets 
were  designed.  In  this  same  period,  a  rocket  engine  was  designed  for 
aircraft,  said  engine  to  operate  on  kerosene  and  nitric  acid.  This  en¬ 
gine  was  capable  of  developing  a  thrust  of  140  kg,  and  the  engine  it¬ 
self  weighed  some  100  kg.  The  engine  was  mounted  on  the  RP-318  rocket 
glider  which  was  capable  of  developing  a  speed  of  200  km/hr.  This 
rocket  glider  first  flew  on  28  February  1940. 

By  1939-1940  the  Soviet  Union  had  produced  experimental  models  of 
unguided  liquid  rockets  capable  of  covering  a  distance  ofi25  km,  and 
these  rockets  underwent  their  flight  tests  successfully. 

From  1918  through  1938-1940  Oberth,  Braun,  Zenger,  et  al.,  in 
Germany,  and  Goddard  in  the  USA  were  in  charge  of  investigations  car- 
r-1od  out  by  groups  of  inventors  in  the  field  of  reaction  engineering. 

As  a  result  of  these  efforts,  by  1934-1935  a  number  of  small  rockets 
with  liquid  reaction  engines  had  been  built,  and  these  rockets  attained 
altitudes  of  2-2.3  km.  It  was  Braun  in  Germany  who  was  In  charge  of 
the  serious  work  in  this  field,  begun  in  1938  and  completed  in  1944 
with  the  development  of  a  long-range  rocket  (with  a  flight  range  of 
300  km). 

•  0n  the  eve  of  the  1941-1945  war  the  Soviet  Union  had  produced 
rocket  installations  using  solid-propellant  rockets  which  were  known 
as  "Guard  rocket  launchers"  ("Katyush")  which  played  so  important  a 
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role  during  the  years  of  the  Fatherland  War. 

After  fhe  war,  the  rocket-building  Industry  developed  extensively 
throughout  the  Soviet  Union  and  as  a  result  the  Soviet  Army  was 
equipped  with  the  latest  rocket  weapons. 

In  August  of  1957  the  first  multistage  intercontinental  ballistic 
rocket  was  tested  in  the  Soviet  Union.  The  rocket  tests  were  carried 
out  successfully  and  the  rockets  vindicated  completely  the  calcula¬ 
tions  that  had  been  carried  out  and  the  designs  that  had  been  selected. 

The  construction  of  an  intercontinental  rocket  made  a  great  con¬ 
tribution  to  the  defensive  capabilities  of  the  Soviet  Union. 

On  4  October  1957,  in  the  USSR,  the  first  successful  launching  of 
an  artificial  satellite  of  the  Earth  in  the  history  of  mankind  was 
carried  out  by  means  of  a  multistage  rocket. 

On  3  November  1957,  in  the  Soviet  Union,  the  second  artificial 
satellite  of  the  Earth  was  launched,  and  this  vehicle  was  equipped 
with  scientific  equipment  and  there  was  an  experimental  animal  aboard  - 
a  dog.  The  measurement  data  produced  by  the  scientific  equipment  and 
the  behavior  of  the  animal  during  the  motion  of  the  satellite  in  outer 
space  about  the  earth  were  transmitted  to  Earth  by  means  of  radio  sig¬ 
nals. 

On  15  May  1958  the  third  artificial  satellite  of  the  Earth  was 
launched,  and  this  vehicle  completed  more  than  10,000  revolutions 
about  the  Earth  during  the  almost  2  years  of  its  existence. 

Later  on,  in  September  and  October  of  1959,  in  the  Soviet  Union, 
space  rockets  were  launched  to  the  vicinity  of  the  Moon,  flying  around 
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the  Moon,  and  transmitting  television  images  of  the  lunar  surface  back 
to  Earth. 

During  196O-I96I,  in  the  Soviet  Union,  several  satellite  vehicles 
and  powerful  rocket  boosters  were  developed,  the  latter  being  used  to 


carry  the  former  into  orbit.  The  satellite  vehicles  were  tested  suc¬ 
cessfully  and  methods  have  now  been  worked  out  for  the  safe  return  to 
Earth  of  experimental  animals  aboard  these  space  vehicles. 

Soviet  scientists  and  engineers  made  a  tremendous  contribution  to 
the  scientific  efforts  of  the  world,  and  prepared  the  way  for  the 
flight  of  man  into  the  cosmos,  through  the  successful  construction  and 
launching  of  the  artificial  satellites  of  the  Earth  and  the  space 
rockets.  This  flight  of  man  into  outer  space  took  place  on  12  April 
1961  aboard  the  Soviet  satellite  vehicle  "Vostok"  which  was  put  into 
orbit  by  a  powerful  rocket  with  six  engines  developing  a  total  power 
of  20,000,000  horsepower.  The  weight  of  the  vehicle,  without  the  last 
stage  of  the  rocket,  amounted  to  4750  kg,  and  the  flight  lasted  108 
minutes. 

The  second  manned  flight  into  outer  space,  in  an  orbit  around  the 
Earth,  was  also  carried  out  in  the  Soviet  Union  in  August  of  1961,  and 
this  flight  lasted  25  hours. 

The  satellite  vehicles  "Vostok"  and  "Vostok-2"  were  fitted  out 
with  a  pilot's  cockpit  and  an  Instrument  section  which  housed  a  variety 
°:  equipment  and  the  reverse-thrust  rocket  engine  ("retro-rocket")  of 
the  vehicle.  It  was  possible  to  carry  out  observations  throughout  the 
entire  flight  and  during  deceleration  in  the  atmosphere  from  the  cock¬ 
pit  through  observation  windows  that  had  been  fitted  out  with  heat- 
resistant  glass,  since  the  temperature  of  the  vehicle's  surface  at¬ 
tains  thousands  of  degrees  on  re-entry.  The  vehicle  also  contained 
equipment  needed  for  man  to  exist,  as  well  as  flight-control  equipment, 
and  such  apparatus  as  was  required  from  the  standpoint  of  scientific 
observations;  in  addition,  there  was  a  manual  control  system  for  the 
vehicle . 

In  order  to  land  the  vehicle  at  a  designated  point,  it  was  fitted 


out  with  reverse -thrust  rocket  engines  and  a  vehicle-orientation  sys¬ 
tem  which  made  use  of  the  Sun  in  order  to  enable  the  pilot  to  deter¬ 
mine  and  maintain  his  required  heading  with  great  accuracy  as  the 
vehicle  turned  about  the  earth;  the  food  and  water  supply,  the  air- 
regeneration  system,  and  the  power  sources  for  the  electrical  systems 
were  designed  and  calculated  to  permit  a  flight  of  10  full  days. 

Thus  man,  for  the  first  time  ever,  overcame  the  force  of  terres¬ 
trial  gravitation  -  he  completed  a  flight  into  outer  space  and  re¬ 
turned  to  Earth. 

The  Soviet  Union  has  achieved  much  in  the  construction  of  jet 
engines.  In  the  period  from  1956  to  i960  improved  passenger  jet  air¬ 
craft  were  built.  Various  types  of  Soviet  aircraft  (with  seating  capac 
ities  ranging  from  70  to  180-220  passengers),  with  powerful  turbojet 
engines,  are  capable  of  speeds  up  to  900-1000  km/hr  at  an  altitude  of 
10-12  km,  with  a  continuous  flight  range  of  3000-3500  km  and  more.  In 
1957,  the  largest  passenger  aircraft  in  the  world  was  built;  this  is 
the  TU-114  which  uses  turboprop  engines  and  is  intended  for  nonstop 
Intercontinental  flights. 

The  Soviet  Union  also  has  heavy  intercontinental  supersonic  air¬ 
craft. 

The  rapid  and  intensive  development  of  reaction  engineering, 
starting  right  after  the  war,  opened  a  new  and  multifaceted  area  of 
scientific  investigation. 

Although  the  design  principles  behind  reaction-thrust  engines  are 
considerably  simpler  than  those  involved  in  the  case  of  piston  engines 
it  does  not  necessarily  follow  that  the  engine  cycle  has  correspond¬ 
ingly  been  simplified.  Quite  the  contrary,  the  cycle  of  a  reaction  eh- 
gine  involves  a  considerably  more  complex  collection  of  physical,  phys 
icochemical,  and  chemical  phenomena. 
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Part  One 


HYDROCARBON  FUELS  (PROPELLANTS)  FOR  AIR-REACTION  AND  ROCKET  ENGINES 


Chapter  1 

GENERAL  DATA  ON  AIR-REACTION  AND  LIQUID  REACTION  ENGINES 
1.  Characteristics  of  Individual  .Types  of  Alr-Reactlon  Engines 

The  following  types  of  air-reaction  engines  [1-6]  have  found  ap¬ 
plication  among  Jet  aircraft: 

1)  turbojet  engines  (TRD); 

2)  turboprop  engines  (TVD); 

3)  flow-through  air-reaction  engines  [ramjets]  (PVRD); 

4)  pulsating  air-reaction  engines  [pulse jets]  (PuVRD);  this  type 
of  engine  was  used  primarily  during  the  first  stages  of  the  develop¬ 
ment  of  reaction  engineering; 

5)  bypass  turbojet  engines; 

6)  atomic  air -reaction  engines  (employing  the  atomic  energy  pro¬ 
duced  by  nuclear  reactions). 

In  turbojet  engines  (Fig.  l)  the  approaching  flow  of  air  is  com¬ 
pressed  by  means  of  a  compressor  and  is  introduced  into  the  combus¬ 
tion  chamber  to  which  fuel  is  supplied.  At  supersonic  flight  velocities, 
substantial  air  compression  comes  about  through  the  deceleration  of 
the  flow.  The  fuel-burning  process,  depending  on  the  design  of  the  en¬ 
gine,  may  take  place  in  several  combustion  chambers  (which  is  the  case 
with  cannular  engines)  or  In  a  single  annular  chamber.  As  a  result  of 
the  burning  of  the  fuel  in  the  primary  combustion  zone,  given  an  ex¬ 
cess-air  ratio  close  to  unity,  temperatures  of  1900  to  2200°  are  de¬ 
veloped.  In  order  to  reduce  the  temperature  of  the  products  of  combus¬ 
tion,  excess  air  is  supplied  to  the  secondary  zone  of  the  combustion 
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chamber,  with  this  air  flushing  the  chamber  and  expanding  the  products 
of  combustion.  As  a  result,  the  temperature  of  the  products  of  combus¬ 
tion  together  with  the  air  drops  to  750-850°  at  the  end  of  the  chamber. 
Subsequently,  the  products  of  combustion  at  a  temperature  of  65O-8OO0 
impinge  on  the  buckets  of  the  gas  turbine  causing  the  latter  to  rotate. 
The  turbine  is  situated  on  a  single  shaft  with  the  compressor.  The 
turbine  shaft  rotates  at  8000-16,000  rpm. 

In  their  passage  through  the  gas  turbine  the  gases  accomplish 
work  and  then  subsequently  enter  the  propulsion  nozzle  of  the  engine 
from  which  they  are  discharged,  at  a  temperature  of  500-600°,  produc¬ 
ing  reaction  thrust. 

In  turboprop  engines  (Fig.  2)  a  propeller  is  mounted  on  the  shaft 
of  the  gas  turbine  and  compressor.  Thrust  is  produced  by  the  rotation 
of  the  propeller  and  partially  by  the  gases  being  discharged  through 
the  nozzle  of  the  engine.  The  reaction  force  is  not  great  and  amounts 
to  15-20$  of  the  total  thrust  of  the  engine  which  can  attain  250-300  kg. 
Engines  of  this  type  are  characterized  by  great  operating  economy.  The 
fuel  flow  rate  at  maximum  power  is  less  than  0.2  kg/hp-hr. 

In  ramjet  engines  (Fig.  3),  given  great  flight  velocities,  the 
air  is  forced  into  the  combustion  chamber  of  the  engine  by  the  ap¬ 
proaching  stream  and  is  compressed  on  deceleration.  Fuel  is  injected 
into  the  combustion  chamber,  vaporized,  mixed  with  air,  ignited,  and 
Durned.  The  heated  products  of  combustion  that  are  formed  as  a  result 
move  out  through  an  open  section  in  the  engine  at  the  opposite  end  - 
the  nozzle  -  thus  producing  reaction  thrust.  In  order  for  the  effi¬ 
ciency  of  the  engine  to  be  sufficiently  high,  the  incoming  air  must  be 
compressed  at  least  by  a  factor  of  2  to  3>  and  this  can  be  accomplished 
at  a  flight  velocity  considerably  in  excess  of  the  speed  of  sound, 
i.e.,  1200  km/h r  and  higher.  Thus  ramjet  engines  are  intended  for 
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Fig.  1.  Turbocompressor  air-reaction  engine.  1) 
Centrifugal  compressor  with  admission  of  air  to 
both  sides  of  the  compressor;  2)  ten  direct-flow 
combustion  chambers;  3)  rear  bearing;  4)  nozzle 
rim;  5)  propulsion  nozzle;  6)  single-stage  turbine; 
7)  outlet  for  cooling  air;  8)  central  bearing;  9) 
cooling  fan  for  turbine  and  rear  bearing;  10)  ten 
open-type  injectors;  11)  forward  bearing;  A)  cool¬ 
ing  air;  B)  air  supply;  C)  air  under  pressure;  D) 
combustion  flame;  E)  hot  gases. 


supersonic  flight.  A  diagram  of  a  ramjet  engine  is  presented  in  Fig.  4. 
In  pulsejets  (Fig.  5)  the  approaching  air  passes  through  an  open- 
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Pig.  3.  Schematic  diagram  of  a  supersonic 
direct-flow  air-reaction  engine  [ramjet]. 
1)  Air. 


Fig.  4.  Supersonic  direct-flow  air-reaction  engine 
[supersonic  ramjet].  1)  Diffuser;  2)  combustion 
chamber;  3)  exit  (exhaust)  nozzle;  4)  flame  holder; 
5)  fuel  injectors;  6)  fuel  pump. 
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Fig.  5.  Schematic  diagram  of  pulsating  air-reac¬ 
tion  engine  [pulsejetj.  1)  Valve  box  assembly;  2) 
fuel  manifold;  3)  SDark  plug;  4)  combustion  cham¬ 
ber;  5)  tailpipe;  6)  outlet;  7)  rear  support;  8) 
fuel  injectors;  9)  forward  support. 


ing  in  the  forward  section  of  the  engine  and  moves  into  the  combustion 
chamber,  in  front  of  which  the  air  stream  is  decelerated. 

The  air  is  mixed  with  the  vaporized  fuel  (combustible),  after 
which  the  fuel  mixture  is  ignited  by  an  electric  spark  plug.  The  pres¬ 
sure  within  the  combustion  chamber  is  raised,  as  a  result  of  which  the 
inlet  valves  at  the  head  of  the  engine  are  closed,  and  the  products  of 
combustion  escape  at  great  velocity  through  the  tailpipe  -  the  nozzle, 


-  15  - 


Pig.  6.  Schematic  diagram  of  bypass  [two- 
contour]  turbojet  engine.  1)  Compressor; 

2)  turbine;  3)  compressor  for  outer  duct. 

thus  producing  a  reaction  force.  As  the  gases  are  propelled  out  of  the 
combustion  chamber  of  the  engine,  the  pressure  within  the  engine  is 
therefore  evacuated  and  the  approaching  air  stream  opens  the  valves, 
again  filling  the  engine  with  air  and  vaporized  fuel,  after  which  the 
cycle  is  repeated.  The  pulsating  engine  completes  from  50  to  150  ''y^es 
each  second.  The  filling  of  the  engine  with  air  and  the  fuel  mixture, 
the  burning  process,  and  the  discharge  of  the  gases  involves  no  more 
than  6  to  20  milliseconds.  The  engine  cycle  is  started  by  forcing  com¬ 
pressed  air  through  the  valve  box. 

Bypass  turbojet  engines  (Pig.  6)  differ  from  other  turbojet  en¬ 
gines  in  that  this  engine  has  an  additional  external  duct  into  which 
cir  is  forced  by  means  of  an  annular  compressor  in  which  the  air  has 
been  compressed  and  from  which  it  flows  out  through  an  annular  nozzle, 
thus  producing  additional  thrust.  The  cycle  in  the  inner  duct  is  sim¬ 
ilar  to  the  cycle  in  a  turboprop  engine. 

However,  the  turbine  of  the  basic  engine  duct  produces  an  excess 
of  power  which  is  expended  on  actuating  the  compressor  of  the  external 
duct.  The  compressor  of  the  external  duct  is  essentially  a  high-speed 
impeller  enclosed  in  an  annular  tunnel  through  which  an  additional 
quantity  of  air  passes. 

Bypass  engines  exhibit  lower  specific  fuel  consumption  than  do 
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turbojet  engines;  however,  at  supersonic  speeds  this  advantage  is  lost 
if  an  additional  quantity  of  fuel  is  not  burned  in  the  external  duct. 

Atomic  air-reaction  engines  use  the  energy  produced  by  the 
nuclear  reactions  of  an  atomic  fuel  [6a].  This  energy  goes  to  heat  the 
air  (in  its  passage  through  the  engine)  which  serves  as  the  working 
fluid  and  produces  thrust. 

Several  companies  have  been  working  in  the  USA  since  195^  on  the 
production  of  atomic  air-reaction  engines  [6]. 

The  basic  obstacle  preventing  the  utilization  of  nuclear  energy 
for  aircraft  engines  is  the  tremendous  weight  required  for  the  shield¬ 
ing  which  is  needed  to  protect  the  crew  and  passengers  against  the 
harmful  radiation  emitted  by  the  reactor.  This  weight  is  estimated  to 
be  of  the  order  of  100  tons.  The  basic  problem  therefore  is  to  reduce 
this  weight  to  40  to  50  tons,  which  weight  would  correspond  to  the 
weight  of  the  fuel  supply  for  a  large  aircraft. 

There  is  an  atomic  aircraft  on  the  drawing  boards  which  will  be 
capable  of  carrying  180  passengers  at  a  velocity  of  1600  km/hr  for 
virtually  unlimited  distances.  The  first  version  of  this  aircraft  will 
cost  12-15  times  more  than  a  contemporary  large  jet  transport  [6]. 

Plans  are  underway  for  an  atomic  jet  aircraft  weighing  about  100 
tons  whose  power  plant  will  be  capable  of  producing  30,000  horsepower. 

In  the  construction  of  atomic  aircraft  we  must  resolve  complex 
problems  associated  with  the  techniques  of  heat  transfer  and  the  de¬ 
velopment  of  various  types  of  controlled  reactors  capable  of  function¬ 
ing  at  rather  high  temperatures,  i.e.,  at  least  800  to  1000°. 

Apparently  these  difficulties  are  gradually  being  overcome.  For 
example,  it  was  reported  in  1956  that  ground  tests  of  a  nuclear  turbo¬ 
jet  aircraft  engine  were  being  started  in  the  USA.  This  engine  was  op¬ 
erated  for  the  first  time  in  January  of  1956  on  thermal  energy  obtained 
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from  an  experimental  nuclear  reactor. 

Plates  (flats)  of  stainless-steel  clad  UOg  were  used  as  the  fuel 
elements  for  this  reactor. 

The  temperature  of  the  fuel  attains  1000°,  and  conventional  water 
is.  used  as  the  moderator;  the  coolant,  air  in  this  case,  is  supplied 
directly  into  the  gas  turbine  [7]. 

In  all  probability,  it  would  be  easier  during  this  first  stage  of 
the  project  to  design  a  radio-controlled  pilotless  atomic  aircraft 
which  would  not  require  the  somewhat  complex  shielding  against  the 
radioactive  emissions  of  the  reactor. 

■ii.- Conyers  ion  of  the  Thermal  Energy  of  the  Fuel  (Propellant)  into  Work 
in  Air -Re  act  ion  Engines  ~ - - - L - 

In  air-reaction  energy,  the  thermal  engine  of  the  fuel  is  in¬ 
verted  into  the  kinetic  energy  of  the  products  of  combustion.  The  fuel 
is  supplied  to  the  engine  from  tanks  and  burns  because  of  the  oxygen 
in  the  air  which  is  admitted  into  the  engine.  The  mixture  of  the 
heated  products  of  combustion  and  the  air  is  discharged  through  the 
engine  nozzle  at  a  great  velocity  thus  producing  reaction  thrust. 

For  each  part  of  fuel  weight,  some  14  to  16  parts  of  air  enter 

combustion  chamber;  this  air  is  necessary  for  complete  combustion. 
However,  a  three-  or  five -fold  excess  of  air  (50-80  parts  of  air,  by 
weight,  for  each  part  of  fuel,  by  weight)  is  generally  supplied  to  the 
engine,  and  a  part  of  this  excess  (about  20$)  is  employed  for  the  com¬ 
bustion  of  the  fuel,  with  the  remaining  part  (about  80$)  used  for  the 
cooling  of  the  engine  and  the  dilution  of  the  products  of  combustion 
in  order  to  reduce  the  temperature  of  the  latter  before  they  reach  the 
turbine  buckets. 

Let  us  examine  briefly  the  process  involved  in  the  conversion  of 
the  thermal  energy  of  the  fuel  into  mechanical  work  in  air-reaction 
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engines  [2-4]. 

The  exhaust  velocity  of  the  products  of  combustion  and  that  of 
the  excess  air,  attained  as  a  result  of  the  combustion  of  the  fuel  in 
the  engine,  is  associated  with  the  heating  value  of  the  fuel  in  accord¬ 
ance  with  the  law  governing  the  conversion  of  the  potential  thermal 
energy  of  the  fuel  into  kinetic  energy: 

1  _  s  A 

- T - 


where  Gy  is  the  per-second  air  flow  rate  passing  through  the  engine 
( kg/sec );  Gt  is  the  per-second  fuel  flow  rate  through  the  engine 
(kg/sec);  QH  is  the  specific  heating  value  of  the  fuel  (kcal/kg);  A  = 
=  1/427;  u  is  the  exhaust  velocity  of  the  products  of  combustion 
(m/sec);  v  is  the  velocity  of  the  approaching  air  stream,  in  m/sec 
(it  is  equal  to  the  flight  velocity);  i)t  is  the  thermal  efficiency. 

The  kinetic  energy  of  the  fuel  mass  in  the  left-hand  part  of  the 
equation  can  be  neglected,  since  it  is  small  in  comparison  with  the 


mass  of  -the  air  passing  through  the  engine. 

The  thermal  efficiency  characterizes  the  fraction  of  the  thermal 
energy  of  the  fuel  that  is  converted  into  mechanical  work,  and  this 
can  be  given,  in  approximate  terms,  by  the  following  expression: 

^T'rop 

^  “dir  "-(Jbr  “• 


where  T  is  the  burning  temperature;  T  ,  is  the  temperature  of  the 
gor  sop± 

gases  being  discharged  through  the  engine  nozzle;  T  is  the  temperature 
of  the  approaching  air  stream;  g  3  are  heat  capacities. 

The  per-second  flow  rates  of  air  and  fuel  are  associated  by  the 
following  relationship: 


Gi  —  Oi/o'Cn 


where  a  is  the  excess-air  ratio  (generally,  3-5);  LQ  is  the  quantity 
of  air  (kg)  needed  to  burn  1  kg  of  fuel  (14-16  kg). 
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With  respect  to  1  kg  of  air,  the  kinetic  energy  of  the  air  is  as¬ 
sociated  with  the  thermal  energy  of  the  fuel  by  the  following  relation¬ 
ship: 

«*— »*  l  _  Q 

(i) 


The  exhaust  velocity  of  the  air  and  the  products  of  combustion  is 
found  by  means  of  Eq.  (1) 

Sr  +  m/sec.  (2) 

But  since 


■§q-C,(T„~T) 

(T  is  the  air  temperature  attained  as  a  result  of  the  combustion  of 

sg 

the  fuel;  T  is  the  temperature  of  the  air  in  front  of  the  combust! or 
chamber:  C  is  the  heat  capacity  of  1  kg  of  air),  we  can  write  the  ex- 
pression  for  the  exhaust  velocity  in  the  following  form: 


u -  j/2g ryC, (Ter — T)  -fu1'  m/sec , 

The  thermal  efficiency  is  determined,  in  turn,  by  the  following 
expression: 


1 


where  £  is  the  air  pressure  in  front  of  the  nozzle;  pQ  is  the  pressure 

at  the  nozzle  outlet;  k  =  C  /C  . 

P  * 

In  addition  to  Eqs.  (2)  and  (3),  the  theoretical  exhaust  velocity 
for  the  products  of  combustion  from  a  VRD  [air-reaction  engine]  can  be 
given  by  the  following  equation: 

“=^2*i^R7'[1-(f)"T’]»v'^o,  (4) 

where  £  is  the  pressure  of  the  products  of  combustion  in  front  of  the 
nozzle;  pQ  is  the  pressure  at  the  nozzle  outlet;  T  is  the  temperature 
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of  the  air  and  of  the  products  of  combustion  in  front  of  the  nozzle. 

In  a  turbojet  engine  the  temperature  of  the  air  and  of  the  prod¬ 
ucts  of  combustion  in  front  of  the  nozzle  is  lower  than  in  the  c\ase  of 
a  direct-flow  engine  [ramjet]  because  of  the  work  expended  on  the  tur¬ 
bine. 

The  specific  thrust  can  be  determined  in  terms  of  the  exhaust 
velocity  of  the  products  of  combustion,  i.e.,  we  can  determine  the 
thrust  referred  to  1  kg  of  air  which  is  the  working  fluid. 

The  total  thrust  of  a  reaction  engine  is  found  to  be  a  function 
of  the  per-second  flow  rate  of  the  working  fluid  in  accordance  with 
the  familiar  relationship  between  thrust  and  exhaust  velocity: 


where  G  is  the  per-second  flow  rate  of  the  working  fluid;  g  is  the 

p 

force  of  gravitational  acceleration,  equal  to  9.81  m/sec  . 

But  for  a  VRD  in  flight,  the  exhaust  velocity  u  must  be  reduced 
to  the  velocity  of  the  approaching  air  stream  in  order  to  obtain  the 
thrust  developed  as  a  result  of  the  fuel  combustion: 

R  "  y(«  —  v)  +  —■•«.  (5) 

where  G„  and  G.  are  the  per-second  flow  rates  of  air  and  fuel;  v  is 
the  axial  velocity  of  the  working  fluid  (air)  entering  the  engine, 
said  velocity  equal  to  the  velocity  of  flight. 

Since  the  flow  rate  of  the  fuel  in  an  air-reaction  engine  is  less 
b>  a  :  ?  .or  of  60  to  80  than  the  flow  rate  of  the  air  passing  through 
the  <•;  .jine  cross  section,  the  second  term  in  Eq.  (5)  is  frequently 
neglected.  In  this  case,  the  error  in  the  determination  of  thrust  does 
not  exceed  1.5-2$. 

In  this  case,  the  specific  thrust  of  an  air-reaction  engine  is 
Rud  =  (u  -  v)/g  kg  of  thrust* sec/kg  of  air 
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For  a  direct-flow  [ramjet]  engine 

*«  -  7  »}. 

’  '  J, 

9 

For  the  operating  characteristics  of  air-reaction  engines  we  use 
the  concept  of  specific  fuel  consumption,  in  leg  per  1  hour,  for  the 
development  of  1  kg  of  thrust: 

Cud  =  (Gt* 3600* hourly  fuel  flow  rate)/thrust  =  gt(3600/^i), 
where  is  the  specific  impulse  (kg  of  thrust* sec/kg  of  fuel),  i.e., 
the  ratio  of  the  thrust  force  to  the  per-second  fuel  flow  rate.  is 
associated  with  R^  -  the  specific  thrust  referred  to  1  kg  of  air  in 
the  following  manner: 

•T 

where  gt  is  the  weight  ratio  of  the  fuel  to  the  air  entering  the  engine. 

In  connection  with  the  above,  the  specific  fuel  consumption  can 

be  presented  In  the  following  form: 

„  ’  3600.*t 

Cv«-Y7  >-  *  — T  Kg  of  fuel/kg  of  thrust -hr 

•  2*427Vi|iz7  +  p,-«’J' 


or  as  follows: 


On  the  other  hand,  the  specific  fuel  consumption  can  be  deter¬ 
mined  by  the  familiar  relationship 


A 


3600*0 

'1 7T 


where  tj0  is  the  total  efficiency  of  the  flying  craft,  i.e., 


_  »  _ Energy  of  reaction  craft  motion 

T*0  ~  H  Thermal  energy  obtained  on  combustion  of  fuel 
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or 


.  R ■<> 

The  total  efficiency  is  the  product  of  the  following  three  coef¬ 


ficients 

%  “  W1!*' 

where  nt  is  the  thermal  efficiency  which  characterizes  the  engine  as  a 
heat  machine;  r\  is  the  relative  coefficient  which  indicates  the  extent 

s 

to  which  the  actual  exhaust  velocity  differs  from  the  theoretical 
velocity;  tj  is  the  flight  efficiency  which  determines  the  ratio  of 
the  energy  of  reaction-craft  motion  to  the  difference  between  the  kin¬ 
etic  energies  of  the  air  leaving  and  entering  the  engine,  plus  the 
kinetic  energy  expended  by  the  fuel. 

The  flight  coefficient  is  determined,  in  final  form,  by  the  fol¬ 
lowing  ratio: 


The  flight  efficiency  is  a  function  of  the  ratio  v/u;  at  v  = 
=  const,  n  diminishes  with  an  increase  in  u.  For  example: 

*  ip 

V 

T  »>n 

1  i 

0,5:.  .0,65 

0,2  .0,30 


Therefore,  in  the  expression  for  the  specific  consumption: 


3600 -p 
V$" 


the  quantity  Cud  is  not  uniquely  defined  by  the  heating  value,  since 
u  changes  with  a  change  in  the  latter,  and  q0  also  changes,  and  this 


can  be  presented  in  the  following  fashion: 


Cy* 


3600-2  (u  +  o) 

VVQ 
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The  higher  the  heating  value  of  the  fuel,  the  lower  the  fuel  con¬ 
sumption  for  the  development  of  the  given  thrust,  and  in  the  final 
analysis  this  increases  both  the  duration  and  range  of  aircraft  flight. 

Plight  range  is  also  determined  by  the  fuel  reserve  in  the  tanks, 
and  this  reserve  is  associated  with  the  density  of  the  fuel.  The  higher 
the  fuel  density,  the  greater  quantities  of  fuel  can  be  stored  in  the 
tanks  of  the  aircraft.  However,  in  this  case  the  starting  (takeoff) 
weight  of  the  aircraft  increases,  and  this  in  turn  has  an  unfavorable 


effect  on  range. 

We  have  the  following  familiar  relationship  for  the  determination 


of  the  flight  range  of  a  Jet  aircraft  [5]: 


S-»!jL2S.l0"2S±S1 


n 


'cau 


where  v  is  the  flight  velocity;  Cud  is  the  specific  fuel  consumption; 

G  is  the  weight  of  the  aircraft,  without  fuel;  w  is  the  volume  of 
sam  — 

all  tanks;  p  is  the  density  of  the  fuel;  Gsam  +  wp  is  the  takeoff 
weight  of  the  aircraft,  without  counting  a  possible  bomb  load);  a  is  a 
coefficient. 

Denoting  the  ratio  w/Gaorn  by  the  letter  y,  we  can  write 

Scull 

n  3,6  ov  1  /  *  1  \ 

-r - In  (1  +T'p)r 

y* 


where  y  is  the  index  for  the  particular  aircraft  design,  i.e.,  the 
characteristic,  quantity  for  an  aircraft  of  a  certain  design. 

Replacing  Cud  by  its  value 

4  3600*0 

c»=*"ir<r 

we  will  obtain  the  equation  of  range  in  the  following  form: 

5  =  fl'/f’Tj,,'  Q  In  (1  -i*  y  p)i 

where  k  and  a  are  coefficients  that  are  functions  of  flight  velocity. 
With  the  range  formulas  it  is  possible,  in  approximate  terms,  to 
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estimate  the  effect  of  the  various  factors  on  flight  range. 

Plight  range  is  a  function  of  epee if ic  fuel  consumption  or  the 
heating  value,  density,  and  reserve  of  the  fuel  on-board  the  aircraft. 

In  general,  flight  range  under  approximately  comparable  condi¬ 
tions  increases  with  an  increase  in  the  total  reserve  of  thermal  en¬ 
ergy  aboard  the  aircraft,  said  energy  concentrated  in  the  fuel. 

3.  Area  of  Application  of  Air -Reaction  Engines  [8] 

Air-reaction  engines  are  used  as  power  plants  on  interceptors, 
bombers,  aircraft-missiles,  and  similar  types  of  military  aircraft,  as 
well  as  on  civilian  transport  aircraft. 

The  development  of  military  jet  aircraft  is  proceeding  so  rapidly 
that  it  is  the  characteristic  of  the  contemporary  state  of  aircraft 
construction  that  today's  aircraft  may  be  obsolete  tomorrow. 

The  obvious  characteristics  of  engines  and  aircraft  are  the  thrust 
and  velocity  developed  by  the  aircraft,  ceiling,  and  range.  The  power 
of  the  air-reaction  engines  installed  on  military  aircraft  attains 
12,000-18,000  horsepower  and  corresponds  to  a  thrust  of  4000-10,000  kg. 
A  characteristic  velocity  of  contemporary  interceptors  is  a  velocity 
that  exceeds  the  speed  of  sound  several  times,  and  the  operating  ceil¬ 
ing  is  of  the  order  of  24,000  meters.  There  are  aircraft  using  ramjet 
engines  which  can  attain  even  higher  flight  velocities. 

The  range  of  long-range  Jet  bombers  varies  from  12,000  to  20,000 
km.  It  was  reported  in  i960  that  Soviet  interceptors  are  capable  of 
reaching  a  ceiling  of  28  km  [8],  and  that  they  are  capable  of  attain¬ 
ing  speeds  several  times  in  excess  of  the  speed  of  sound.  In  1961,  the 
pilot  Fedorov  attained  a  record  velocity  of  2730  km/hr  with  a  "Ye-l66" 
aircraft. 

Until  recently,  bombers  could  not  exceed  the  speed  of  sound.  In 
1961,  supersonic  bombers  were  quite  common.  For  example,  the  "B-70" 
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bomber  being  built  In  the  USA  is  designed  to  attain  a  speed  of  3200 
km/hr  at  an  altitude  of  21  km. 

The  Soviet  Union  has  supersonic  intercontinental  bombers  armed 
with  rockets  [8], 

At  an  air  show  in  1961,  the  USSR  demonstrated  powerful  supersonic 
delta-wing  Jet  bombers,  high-speed  rocket -carrying  aircraft,  and  heavy 
naval  rocket -carrying  aircraft  capable  of  damaging  naval  and  ground 
targets  at  great  distances  with  their  rockets.  (Pigs.  7  and  8). 

A  characteristic  developmental  trend  is  the  ever  increasing  util¬ 
ization  of  turbojet  engines  in  civil  aviation.  For  example,  between 
1951  and  1953  the  British  jet  transport  "Comet-1"  completed  a  number 
of  extensive  flights  at  a  velocity  of  760  and  a  flight  range  of 

about  5000  km,  with  a  fuel  supply  of  22  tons.  An  improved  version  of 
this  transport  aircraft,  the  "Comet-4,"  has  Just  recently  been  re¬ 
leased  in  Great  Britain.  The  "Caravelle"  and  the  "Lockheed-188"  Jet 
aircraft  are  in  use  on  a  number  of  international  airlines.  In  addition, 
the  "Boeing-707"  transport  passenger  aircraft,  designed  for  80  to  130 
passengers,  is  being  used.  This  aircraft  has  four  Jet  engines  capable 
of  propelling  the  aircraft  at  a  speed  of  850  to  950  km/hr.  Over  a  dis¬ 
tance  of  3750  km,  an  average  speed  of  947  km/hr  was  maintained. 

The  Soviet  "TU-104"  aircraft  is  an  improved  high-capacity  passen¬ 
ger  Jet  aircraft.  The  "TU-104"  aircraft  (Pig.  9)  carries  two  engines 
and  its  maximum  velocity  is  1000  km/hr ;  its  cruising  speed  is  800  to 
y00  km/hr.  The  aircraft  is  designed  to  carry  50  to  80  passengers.  The 
cruising  altitude  is  10  to  12  km.  The  "TU-104"  covers  the  distance  be¬ 
tween  Moscow  and  Omsk  (more  than  2200  km  as  the  crow  flies)  in  3  hours; 
the  Moscow-Tbilisi  flight  takes  some  2  hours  and  45  minutes;  the  flight 
between  Moscow  and  Khabarovsk  involves  some  10  hours,  with  one  landing 
en  route;  the  Prague-Moscow-Qmsk-Irkutsk-Peking  (about  10,000  km)  takes 
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some  12  hours  during  which  the  "TU-104"  must  make  three  landings. 

In  1957,  the  Soviet  Air  Force  was  strengthened  by  a  series  of  jet 
aircraft  designed  by  A.N.  Tupolev.  For  example,  the  new  aircraft  "TU- 
104a"  has  two  turbojet  engines  which  are  capable  of  producing  speeds 
of  up  to  950-1000  km/hr;  the  cruising  speed  of  this  aircraft  is  800 
km/hr,  its  range  is  3000  km,  and  it  is  designed  to  carry  70  passengers. 
An  improved  version  of  this  aircraft,  the  "TU-104B,"  has  been  released. 
A  new  Jet  aircraft,  the  "TU-124,h  with  turbofan  engines,  has  recently 
been  released.  This  is  a  medium-range  aircraft  and  it  can  land  at  com¬ 
paratively  small  airfields,  since  it  requires  a  comparatively  short 
landing  and  takeoff  run;  its  flight  velocity  is  of  the  order  of  1000 
km/hr,  and  its  cruising  speed  is  around  900  km/hr.  This  aircraft  has 
room  for  44  passengers. 

Turboprop  engines  are  used  for  transport  aircraft;  these  aircraft 
are  characterized  by  their  comparatively  low  flight  velocities  -  to 
650-700-750  km/hr  and  a  ceiling  of  10-11  km. 

The  Soviet  aircraft  industry  has  produced  a  series  of  new  pas¬ 
senger  aircraft  which  use  turboprop  engines. 

In  1957,  the  "TU-114"  high-speed  passenger  aircraft  appeared. 

This  aircraft  is  a  free-carrying  monoplane  with  sweptback  wings  and  an 
empennage,  as  well  as  four  turboprop  engines  of  great  power.  This  air¬ 
craft  Is  designed  to  transport  passengers,  cargo,  mall,  and  other 
loads  through  the  airlanes  of  the  Soviet  Union  as  well  as  on  interna¬ 
tional  routes  (Fig.  10). 

The  quiet  flight  of  the  "TU-114"  at  great  altitudes,  the  excel¬ 
lent  heat  and  sound  Insulation,  comfortable  seats,  the  existence  of 
cabin  pressurization  systems  by  means  of  which  it  is  possible  to  main¬ 
tain  constant  pressure,  humidity,  and  air  temperature  must  ensure  con¬ 
ditions  during  the  10-12-hour  uninterrupted  flight  over  a  distance  of  - 


up  to  9000  km,  i.e.,  from  Moscow  to  such  distant  points  as  Vladivostok, 
Peking,  Tokyo,  Delhi,  Rangoon,  etc.,  under  which  the  passengers  will 
not  become  overtired.  At  the  present  time',  the  "TU-114"  aircraft,  in 
terms  of  passenger  and  cargo  capacity,  is  the  largest  passenger  air¬ 
craft  in  the  world.  The  "NK-12M'  turboprop  engines  mounted  on  this  air¬ 
craft  exceed  by  a  factor  of  almost  two,  in  terms  of  power,  all  exist¬ 
ing  turboprop  engines  mounted  on  foreign  aircraft.  The  "TU-114"  air¬ 
craft  is  the  fastest  passenger  aircraft  using  turboprop  engines.  In 
its  conventional  version,  the  aircraft  is  capable  of  carrying  170  pas¬ 
sengers;  in  long-range  intercontinental  flights,  the  aircraft  can 
carry  120  passengers,  whereas  short  flights  involving  some  1500  to 
1800  km,  as  for  example  from  Moscow  to  Sochi,  the  aircraft  can  carry 
220  passengers. 


Fig.  7.  Soviet  supersonic  heavy  aircraft. 

The  "TU-114"  is  a  rebuilt  bomber  which  had  a  range  of  17,000  km. 
The  "IL-18"  and  the  "AN-10, "  Soviet  multiseat  turboprop  aircraft  are 
also  being  used  successfully. 

In  1961,  the  Soviet  Union  released  two  new  helicopters  using  tur- 
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Fig.  8.  Soviet  supersonic  aircraft 


Fig.  9.  The  "TU-104 
jet  aircraft. 


a  Soviet  passenger-carrying 


Fig.  10.  The  "TU-114 
ger  aircraft. 


a  Soviet  turboprop  passen 


boprop  engines  -  the  "V-2"  and  the  "V-8"  -  which  can  carry  6-8  and 
20-26  passengers,  respectively. 

4.  Liquid  Reaction  Engines 

At  the  present  time,  liquid  reaction  engines  are  .used  as  the 
power  plant  for  rockets,  as  units  to  facilitate  aircraft  takeoffs,  and 
comparatively  less  frequently  as  engines  for  supersonic  aircraft, 
primarily  for  interceptor-fighter  aircraft.  The  theoretical  principles 
governing  liquid  reaction  engines  and  the  problems  involved  in  their 
operation  are  covered  in  sufficient  detail  in  the  literature  [9-15 ] • 


Fig.  11.  Schematic  diagram  of  the  opera¬ 
tion  of  a  liquid  reaction  engine.  1)  Ox¬ 
idizer  tank;  2)  fuel  (combustible)  tank; 

3)  combustion  chamber. 

Liquid  reaction  engines  (ZhRD)  [liquid  rocket  engines]  consist  of 
a  combustion  chamber,  tanks  from  which  the  propellant  is  supplied,  and 
systems  of  propellant  feed  and  control. 

The  majority  of  ZhRD  operate  on  propellants  consisting  of  two 
components:  a  combustible  and  an  oxidizer,  which  are  contained  in  two 
Individual  tanks.  In  this  case,  the  oxidizer  and  the  combustible  enter 
from  tanks  into  the  combustion  chamber  where  they  are  vaporized,  mixed, 
and  burned;  the  products  of  combustion  are  discharged  through  the  en¬ 
gine  nozzle,  thus  producing  reaction  thrust.  Figure  11  shows  a  sche¬ 
matic  diagram  of  the  operation  of  a  ZhRD. 
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Pig.  12.  Schematic  diagram  of 
an  atomic  liquid  reaction  en¬ 
gine.  l)  Tank  with  working 
fluid;  2)  pump  assembly;  3) 
coolant  jacket;  4)  control 
unit;  3)  injectors;  6)  atomic 
fuel  (combustible). 

Monopropellant  ZhRD  are  used  very  much  less  frequently.  A  mono¬ 
propellant  is  stored  in  a  single  tank  from  which  it  is  fed  directly  to 
the  engine  where  it  is  burned.  Therefore,  a  propellant  of  this  type  is 

composed  both  of  the  oxidizer  and  combustible  elements  required  for 

combustion. 

We  anticipate,  in  the  future,  the  appearance  of  nuclear  liquid- 
propellant  reaction  [rocket]  engines.  The  source  of  the  thermal  energy 
in  such  an  engine  would  be  a  nuclear  fuel.  It  will  deliver  heat  to  the 
working  fluid  which  will  heat  up  to  high  temperatures  and  will  produce 
thrust  as  it  is  discharged  through  the  nozzle  of  the  engine.  In  this 
case,  the  working  fluid  which  will  simultaneously  be  used  to  cool  the 
nuclear  reactor  will  be  ammonia,  water,  or  similar  substances.  An  op¬ 
erating  diagram  of  an  atomic  ZhRD  is  shown  in  Pig.  12. 

Various  methods  may  be,  employed  to  supply  a  liquid  propellant  to 
the  engine: 

a)  by  means  of  compressed  gas  in  tanks,  this  propellant  feed 
method  is  referred  to  as  the  pressurized-propellant  feed  system  (Fig.  13); 
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Fig.  13.  Diagram  of  liquid  reaction  en¬ 
gine  with  a  pressurized-propellant  feed 
system.  1)  High-pressure  air  tank;  2) 
high-pressure  air  valve  (with  remote 
control)';  3)  pressure  regulator;  4)  con¬ 
trol  valves;  3)  oxidizer  tank;  6)  pro¬ 
pellant  tank;  7)  tank  vent  valves;  6) 
filler  connections;  9)  tank  drain  valves; 
10)  pressurizing-gas  (compressed  air) 
feed  valve;  11)  propellant-feed  valve 
(with  remote  control);  12)  check  valve; 
13)  combustion  chamber;  l4)  air  valve. 


Fig.  14.  Diagram  of  liquid  reaction  engine  with 
turbopump  feed  assembly.  1)  Gas  generator;  2)  tur 
bine;  3)  combustible  pump;  4)  oxidizer  pump;  5) 
choke  assembly;  6)  gas -generator  valve;  7)  reac¬ 
tion  engine. 
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b)  under  gas  pressure  produced  through  the  burning  of  a  solid- 

/> 

propellant  grain  or  other  substances  at  the  instant  of  engine  start 
and  operation; 

c)  by  means  of  turbopump  assemblies  which  pump  the  propellant 
from  the  tanks  into  the  engine;  the  turbopumps  are  set  into  action  by 
means  of  a  gas  turbine  that  operates  on  a  special  fuel  (Fig.  1^);  this 
method  is  used  in  rather  large  rockets. 

The  propellant-burning  process  in  a  ZhRD  is  carried  out  at  high 
temperatures  (2700-3000°).  Therefore,  in  engines  operating  for  com¬ 
paratively  long  periods  of  time  (tens  of  seconds),  the  engine  walls 
are  cooled  by  components  of  the  propellant  —  the  oxidizer  or  the  com¬ 
bustible  -  by  means  of  a  jacket  or  by  directing  the  propellant  against 
the  walls.  Engines  that  are  in  operation  for  short  periods  of  time 
(operating  for  fractions  of  a  second  or  an  entire  second)  are  not 
cooled  at  all  or  are  cooled  by  directing  the  propellant  against  the 
walls. 

5.  Conversion  of  the  Propellant's  Thermal  Energy  into  Work  in  Liquid 
Reaction  Engines  [10,  lb,  17  J  " 

The  thermal  energy  of  the  propellant  in  liquid  reaction  engines 
is  converted  into  the  kinetic  energy  of  the  products  of  combustion, 
and  this  energy  is  converted  into  mechanical  work  in  the  form  of  the 
thrust  developed  by  the  engine. 

In  accordance  with  the  law  of  the  conservation  of  momentum,  the 
impulse  of  a  body  is  equal  to  the  products  of  the  force  which  produces 
this  impulse  and  the  time  during  which  this  force  is  exerted: 

mi',—  mVi  =  R-di, 

where  R  is  the  force  acting  on  a  body  having  mass  m;  dt  is  the  time 
during  which  this  force  is  exerted;  mv2  -  is  the  impulse  of  this 
body  during  the  time  dt. 
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During  the  operation  of  a  rocket  engine,  a  burning  process  takes 
place  within  the  combustion  chamber  of  the  engine,  and  as  a  result 
gases  are  produced,  which  are  discharged  through  the  nozzle  of  the 
chamber  at  a  velocity  u. 

With  the  outflow  of  the  gaseous  products  of  combustion  at  velocity 
u  and  having  mass  m,  some  momentum  is  imparted  to  the  reaction  system 
(the  rocket).  In  accordance  with  the  law  of  the  conservation  of  momen¬ 
tum,  we  may  write: 

(mt—dm)dvsa—udm‘,  mt-dv  —  dm-dv*a  —udm, 

where  dv  is  the  velocity  increment  of  the  reaction  system;  dm  is  the 
mass  outflow  during  the  time  dt. 

Since  the  value  of  dm*dv  can  be  neglected, 

mydv  =  — u-dm . 

It  follows  from  the  law  of  the  conservation  of  momentum  that  the 
velocity  which  the  reaction  device  has  attained  is  a  result  of  the  ac¬ 
tion  of  a  certain  force  during  time  dt  on  the  reaction  engine: 

Rdt  «■  mjto  *=  —  udm. 

Hence  the  reaction  force,  or  thrust,  can  be  presented  in  the  following 
form: 


or  during  a  period  of  time  equal  to  1  second: 

R  >=  —m-u  =  —  u. 

'  e 

Thus  the  reaction  force,  or  thrust,  of  a  rocket  engine  can  be  de¬ 
fined  as  the  product  of  the  mass  of  the  per-second  flow  rate  of  the 
outflowing  products  of  combustion  (which  is  equivalent  to  the  mass  of 
the  propellant  consumed)  by  the  exhaust  velocity  of  the  products  of 
combustion. 

The  most  frequent  propellant  characteristic  that  we  employ  is  spe- 
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cific  thrust,  i.e.,  the  thrust  referred  to  1  kg  of  propellant  mixture: 

Rud  - 

The  exhaust  velocity  of  the  products  of  combustion  from  a  ZhRD 
can  be  found  from  the  conditions  of  the  conversion  of  the  thermal  en¬ 
ergy  of  the  propellant  into  the  kinetic  energy  of  the  products  of  pro¬ 
pellant  combustion  in  accordance  with  the  following  equation: 

where  is  the  efficiency  of  the  process;  E  is  the  mechanical  equiva¬ 
lent  of  heat;  u  is  the  exhaust  velocity;  m  and  G  are,  respectively, 
the  mass  and  weight  of  the  products  of  combustion  (propellant);  H  is 
the  heating  value  of  1  kg  of  propellant  mixture  (the  mixture  of  the 
oxidizer  with  the  combustible).  The  theoretical  exhaust  velocity  may 
be  presented  in  the  following  form: 

u  =*  )/2g  427rj/ •  // m/sec .  (l) 

After  the  rearrangement  of  the  constants,  this  expression  takes 
the  following  form: 

u  ■*  91,53  Vr\rli  m/sec;  ,  . 

Ry»  ™  9,33  VnrH  sec,  ^ 

where  is  the  thermal  efficiency  which  represents  the  fraction  of 
the  thermal  energy  of  the  propellant  that  is  converted  into  mechanical 
work: 

«,  =  ‘mil  ..ct 7-,-c,rt  . 

«»-»o  c,r,  * 

where  i1  is  the  heat  content  (enthalpy)  of  the  product  of  combustion 
in  the  combustion  chamber  in  front  of  the  nozzle;  ig  is  the  heat  con¬ 
tent  of  the  products  of  combustion  after  the  outflow  through  the  noz¬ 
zle  (at  the  nozzle  outlet);  iQ  is  the  heat  content  (enthalpy)  of  the 

and  T-,  0  are  the  corresponding  heat  capacities  and 

lad 


propellant;  C-^  2 
temperatures. 
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It  follows  from  the  expression  presented  above  that  Tjj.  is  always 
other  than  unity,  since  the  actual  temperature  of  the  gases  flowing 
out  of  the  engine  nozzle  is  never  equal  to  the  temperature  of  the  am¬ 
bient  medium. 

On  the  other  hand,  we  know  from  thermodynamics  that  the  thermal 
efficiency  is  a  function  of  the  ratio  of  the  pressure  PQ  at  the  outlet 
of  the  engine  nozzle  to  the  pressure  P  in  the  combustion  chamber,  said 
ratio  raised  to  some  power: 

*='-(#■ 

where  k  is  the  adiabatic  exponent,  i.e.,  the  ratio  of  Cp  to  Cv;  the 
pressure  PQ  at  the  surface  of  the  ground  is  close  to  atmospheric  pres¬ 
sure;  PQ  diminishes  at  great  altitudes,  but  not  by  as  much  as  to  be¬ 
come  equal  to  the  pressure  of  the  ambient  medium  as  the  gases  move  out 
from  an  actual  nozzle.*  At  great  altitudes,  as  a  result  of  the  drop  in 
PQ,  thermal  efficiency  increases  by  15-200. 

The  adiabatic  exponent  is  a  function  of  the  composition  of  the 
products  of  combustion,  as  a  result  of  which  diminishes  in  the  case 
of  a  transition  from  biatomic  to  monatomic  products  of  combustion 
(Table  l). 

It  should  be  pointed  out  that  in  addition  to  the  unavoidable  los¬ 
ses  determined  by  the  thermal  efficiency,  there  exist  other  forms  of 
losses  that  are  associated  with  incomplete  combustion,  heat  losses, 
and  expenditures  of  energy  on  propellant  feed.  These  losses  are  deter¬ 
mined  by  the  effective  efficiency  and  are  examined  in  detail  in  spe¬ 
cial  courses  dealing  with  engines. 

Prom  Eq.  (l)  we  can  derive  the  following  expressions  for  the  ex¬ 
haust  velocities  of  the  gaseous  products  of  combustion  from  a  de  Laval 
nozzle : 
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TABLE  1 

Change  in  Thermal  Efficiency  as  a  Function  of  the 
Nature  of  the  Products  of  Combustion  and  of  the 
Pressure  in  the  Chamber 


1  •• 

lr«iu  . 

k 

h  -  i 

2  TeptmiecKNl  k.  n.  j 

.  opu  jumcuhm,  am 

4  Hmmo 

TOM 01  t 

4  npiMcp 

k 

20 

20 

40 

to 

70 

loo 

i 

,  H,  N  , 

1,667 

0,4 

0,608 

0,7240 

0,7714 

0,7000 

0,8173 

0,8415 

2 

CO.N,  . 

1,286 

0,222 

0,451 

0,5122 

0,5631 

0,5824 

0,6123 

0,0410 

3 

CO,.  HjO 

1,167 

0,143 

0,342 

0.3C90 

0,4000 

0,4285 

0,4553 

0,4824 

4 

BF, 

1,111 

0,1 

0,236 

0,2752 

0,2185 

0,3085 

0,3224 

0,3462 

0,369 

5 

SIFi,  CFi,  AIA 

1,083 

0,0766 

0,213 

0,2462 

0,2580 

0,2782 

0,2972 

1)  Gases;  2)  thermal  efficiency  at  various  pres¬ 
sures,  in  atm;  3)  number  of  atoms  in  molecule;  4) 
example. 


i 


•pv  m/sec; 

“  “  ]/" Vityj—ri'RT m/sec; 
**-  0.863 m/sec. 


(3) 

(4) 

(5) 


where  £  is  the  pressure  in  the  combustion  chamber;  v  is  the  specific 
volume  of  the  gaseous  products  of  combustion,  i.e.,  the  volume  of  the 
gases  formed  in  the  combustion  of  1  kg  of  propellant,  referred  to 
standard  conditions;  T  is  the  temperature  at  which  the  propellant- 
combustion  process  takes  place;  R  is  the  gas  constant;  C  is  the  heat 
capacity  of  1  kg  of  products  of  combustion;  is  the  thermal  effi¬ 
ciency;  k  is  the  adiabatic  exponent. 

Equations  (3),  (4),  and  (5)  are  obtained  by  a  modification  of  Eq. 
(l),  proceeding  from  the  following  well-known  relationships  in  thermo¬ 
dynamics: 


H  =  CPT\  pv  =  RT ; 


k  427.  C, 

k~\~  R 


With  Formulas  ( 1 ) - ( 5 )  it  is  possible,  in  approximate  terms,  to 
estimate  the  exhaust  velocity  and  specific  thrust  which  can  be  obtained 
with  the  given  propellants,  said  estimate  accurate  to  within  +2.5^,  and 
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it  is  also  possible  to  estimate  the  parameters  which  change  these  fac¬ 
tors. 

Exact  thermodynamic  calculations  of  the  processes  of  rocket-pro¬ 
pellant  combustion  are  discussed  in  corresponding  literature  sources 
[10]. 

Formula  (5)  is  convenient  for  an  evaluation  of  the  exhaust  veloc¬ 
ities  of  the  products  of  combustion  of  those  propellants  which  result 
in  the  formation  of  solid  particles,  i.e.,  Al^,  MgO,  and  BeO.  This 
formula  Includes  the  heating  value,  the  specific  volume  of  the  prod¬ 
ucts  of  combustion,  and  the  heat  capacity  of  1  kg  of  the  gaseous, 
liquid,  and  solid  phases  of  the  products  of  combustion.  The  specific 
impulse  can  be  obtained  from  the  exhaust  velocity  of  the  products  of 
combustion,  if  this  value  is  divided  by  the  force  of  gravitational  ac¬ 
celeration. 

The  final  efficiency  of  the  propellant  can  be  estimated  in  terms 
of  rocket  velocity  and  range,  which  are  possible  with  the  utilization 
of  a  given  propellant. 

K. E.  Tsiolkovskly  [16],  in  his  development  of  the  mathematical 
theory  for  the  motion  of  a  rocket,  derived  a  formula  in  which  the  max¬ 
imum  velocity  of  a  rocket  is  associated  with  the  exhaust  velocity  of 
the  products  of  combustion  and  the  relative  weight  and  density  of  the 
propellant  in  the  rocket: 


and 


V 


u  In 


Gp  +  nrf 

~~GT  or 


V  =  gRyn  In 


V  =  u  In  (1  +yd) 

Gp  +  wd 


■  where  Gr  is  the  weight,  of  the  rocket,  without  propellant;  w  is  the 
tank  volume;  d  is  propellant  density;  Rud  is  the  specific  thrust;  and 
y  is  the  index  for  rocket  design  w/Gr» 
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This  expression  was  derived  without  talcing  into  consideration  the 
force  of  terrestrial  gravitation  and  air  resistance.  When  terrestrial 
gravitation  is  taken  into  consideration,  this  expression  takes  the 
following  form: 


where  t  is  the  time  to  the  instant  of  the  complete  burning  up  of  the 
entire  propellant;  g  is  the  average  value  of  gravitational  accelera¬ 
tion  during  time  t. 

The  maximum  velocity  of  a  multistage  rocket  is  determined  by  the 
following  formula: 

y  =  n-u  In  I o  (1  —  X)  +  M  —  gW. 


where  n  is  the  number  of  stages;  u  is  the  exhaust  velocity;  o  is  the 
structural  parameter  of  the  stage,  i.e.,  the  ratio  of  the  weight  of 
the  empty  stage  to  the  weight  of  the  fully  loaded  stage;  X  is  the  co¬ 
efficient  of  payload,  i.e.,  the  ratio  of  the  weight  of  the  load  for 
the  given  stage-  (i.e.,  the  weight  of  the  remaining  stages  of  the 
rocket  and  the  payload)  to  the  weight  of  the  stage  under  considera¬ 
tion;  g  is  the  average  gravitational  acceleration;  Takt  is  the  operat¬ 
ing  time  for  all  engines. 

The  Tsiolkovskiy  equation  can  be  used  for  a  comparative  evalua¬ 
tion  of  propellant  efficiency,  since  this  equation  provides  a  relation¬ 
ship  between  two  propellant  indexes  such  as  the  exhaust  velocity  asso¬ 
ciated  with  heating  yield  and  propellant  density. 

The  maximum  altitude  which  can  be  attained  by  a  rocket  on  ver¬ 
tical  ascent,  with  terrestrial  gravitation  taken  into  consideration, 
is  characterized  by  the  following  formula: 


*  =  / 


"*  -  ( 
2g(g+i)  \ 


in 


Op  + 


where  h  is  the  altitude  of  rocket  ascent;  j  is  the  acceleration  of  the 
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rocket;  u  is  the  exhaust  velocity  of  the  products  of  combustion;  g  is 
the  acceleration  of  gravity. 

The  altitude  of  rocket  ascent  is  directly  proportional  to  the 
heating  value  of  the  propellant.  At  low  velocities,  the  flight  range 
of  a  body  launched  from  the  Earth  at  an  angle  a  to  the  horizon  is  de¬ 
termined  by  the  following  elementary  formula: 

O  II*  .  J 

S  =  —  sin*  a. 

B 

The  range  of  the  rocket  cannot  be  found  with  sufficient  accuracy 
by  elementary  calculations.  Ye.  Zenger  [14,  15]  presents  range  as  a 
quadratic  and  cubic  function  of  the  exhaust  velocity  of  the  products 
of  combustion,  as  well  as  the  logarithm  of  the  ratio  of  rocket  weights 
with  and  without  propellant: 


±3? 

2ff» 


(6) 


and 


where  S  is  the  range  of  the  rocket;  e  and  K  are  coefficients;  G  is  the 
starting  weight. 

All  of  the  examined  methods  of  evaluating  the  properties  of  a 
propellant  with  respect  to  flight  range,  velocity,  and  altitude  of 
rocket  ascent  are  not  absolute  but  represent  only  the  first  steps  in 

I 

the  attempt  at  a  comparative  evaluation  of  propellant  quality.  Appa¬ 
rently,  the  cubic  function  best  reflects  the  change  in  range  as  a  func¬ 
tion  of  u  and  G/Gq. 

The  energy  properties  of  a  propellant  for  liquid  reaction  engines 
are  determined  by  the  following  indices: 

1)  the  heating  yield  of  the  propellant; 

2)  the  elementary  composition  of  the  propellant,  which  is  a  func- 


-  40  - 


tion  of  the  composition  of  the  products  of  combustion,  and  consequently, 
by  thermal  efficiency  as  well; 

3)  the  density  of  the  propellant. 

All  three  of  these  indices  are  totaled  in  a  special  manner  and 
are  reflected  in  expressions  for  rocket  velocity  and  range. 

The  heating  value  and  density  of  the  propellant  characterize 
flight  range. 

The  possibility  of  using  propellants,  under  actual  conditions,  is 
determined  by  their  operational  properties  which  can  limit  the  appli¬ 
cation  of  propellants  exhibiting  good  energy  indices. 

6.  Area  of  Application  of  Liquid  Reaction  Engines 
a)  Military  rockets 

Liquid  reaction  engines  have  been  used  in  a  great  variety  of  ways 
in  rocket  engineering  and  aviation  during  the  past  15  years  and  are 
finding  an  ever  increasing  place  for  peaceful  purposes,  both  scientific 
and  technical. 

Depending  on  the  area  of  their  application  (rocket  construction, 
aviation,  naval  forces),  liquid  reaction  engines  can  be  divided  into 
the  following  types: 

1)  ZhRD  rockets  (rocket  power  plants); 

2)  aviation  ZhRD  (power  plants  for  aircraft); 

3)  takeoff  ZhRD  (for  aircraft  takeoffs); 

4)  naval  torpedo  ZhRD  (power  plants  for  naval  torpedoes,  to  pro¬ 
pel  these  beneath  the  water); 

5)  auxiliary  ZhRD  for  various  areas  of  application. 

In  military  matters,  rockets  have  been  used  for  a  variety  of  tac¬ 
tical  and  strategic  applications.  Rockets  are  designated  for  a  number 
of  purposes: 

1.  The  bombardment  of  industrial  and  administrative  targets  far 
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Pig.  15.  Area  of  application  of  military  rockets, 
l)  Attack  against  aircraft,  from  the  ground 
("ground-to-air");  2)  destruction  of  ground  tar¬ 
gets  from  the  ground  ("ground-to-ground");  3)  de¬ 
struction  of  submarines  from  the  air  ("air-to- 
water");  4)  destruction  of  aerial  targets  from 
aircraft  ("air-to-air");  5)  destruction  of  ground 
targets  from  aircraft  ("air-to-ground");  6)  de¬ 
struction  of  ground  targets  from  submarines 
( "water-to-ground" ) . 


behind  and  close  to  the  front  lines. 

Rockets  can  be  launched: 

a)  from  specially  equipped  platforms  behind  the  lines; 

b)  from  the  decks  of  naval  vessels; 

c)  from  submarines; 

d)  from  aircraft  which,  in  this  case,  need  not  fly  all  the  way  to 
the  target  [14,  15,  18];  in  these  cases,  the  radius  of  rocket  applica¬ 
tion  is  increased. 

2.  Radio-controlled  rockets  are  used  for  purposes  of  anti-aircraft 
defense  to  protect  important  targets,  vessels,  etc.  against  air  at¬ 
tack. 

3.  Rockets  which  are  controlled  in  their  flight  from  another  air¬ 
craft  are  used  by  air  forces  to  attack  enemy  aircraft,  destroy  tactical 
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Pig.  16.  The  launching  of  the 
Intercontinental  ballistic 
rocket  -  the  "Atlas." 

ground  targets,  naval  vessels,  etc. 

The  areas  In  which  rockets  can  be  employed  for  military  purposes 
are  shown  In  Pig.  15 . 

Industrial  mass  production  and  utilization  of  rockets  with  liquid 
reaction  engines  was  begun  in  Germany,  for  the  first  time,  in  1943- 
1944.  The  first  such  rocket  was  the  German  A-4  rocket. 

The  A-4  rocket  was  a  complex  unit  consisting  approximately  of 
30,000  various  component  parts.  The  rocket  was  intended  for  the  bom¬ 
bardment  of  industrial  and  administrative  centers.  The  rocket  was  14 
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Fig*  17*  Schematic  diagram  of 
a  three -stage  rocket,  a)  Pay- 
load;  b)  control  instruments; 
c)  and  e)  fuel  tanks;  d)  en¬ 
gines.  i|  3rd  stage;  2)  2nd 
stage;  3)  1st  stage. 


meters  long  and  had  a  diameter  of  1.65  meters;  Its  total  weight  came 
to  12.9  tons  of  which  the  propellant  -  75*  ethyl  alcohol  and  liquid 
oxygen  -  made  up  8750  kg,  that  Is  67*  of  the  total  rocket  weight.  The 
explosive  charge,  carried  In  the  warhead,  weighed  980  kg.  The  engine 
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operated,  on  the  ^verage,  for  70  seconds,  and  the  rate  of  propellant 
feed  was  125  kg/sec;  the  total  thrust  produced  by  the  engine  was 
27,200  kg.  The  propellant  was  burned  during  the  active  phase  of  the 
trajectory,  equal  to  30  km,  at  the  end  of  which  the  rocket  attained  a 
velocity  of  1500  m/sec,  or  5000  km/hr.  Subsequently,  motion  was  due  to 
inertia.  The  rocket  covered  a  distance  of  275  to  300  km  in  about  300 
seconds;  the  high  point  of  the  trajectory  was  80  km.  In  vertical  as¬ 
cent,  the  rocket  was  capable  of  attaining  an  altitude  of  160  km. 

During  a  period  of  seven  months  of  the  war  (in  1944  and  1945) 

1100  rockets  were  launched  [13,  14,  15].  A  gigantic  underground  fac¬ 
tory,  with  a  main  tunnel  some  2  km  long,  was  built  at  Nordhausen  (Ger¬ 
many)  for  the  production  of  the  A-4  rockets  during  the  war.  This  fac¬ 
tory  was  equipped  with  25  thousand  machine  tools.  There  were  3ome 
30,000  workers  employed  at  the  factory. 

The  A-4  rocket,  in  its  time  (1944-1946),  represented  an  outstand¬ 
ing  technical  achievement. 

Contemporary  rocket  construction  is  developing  along  the  -lines  of 
multistage  long-range  composite  rockets  (the  launching  of  such  a 
rocket  is  shown  in  Fig.  16).  A  composite  rocket  consists  of  several 
smaller  rockets,  each  carrying  independent  engines.  As  the  propellant 
is  consumed,  the  first  stage  of  the  rocket  is  jettisoned,  and  the  en¬ 
gine  of  the  second  stage  is  started;  but  this  is  not  done  until  the 
rocket  has  attained  its  maximum  velocity,  developed  by  the  first  stage, 
etc.  With  this  system,  the  maximum  velocity  and,  consequently,  the 
greatest  range  and  altitude  are  possible.  The  basic  design  of  a  three- 
stage  rocket  is  presented  in  Fig.  17 .  Multistage  rockets  have  found 
application  in  contemporary  engineering  practice  [18-24]. 

One  of  the  trends  of  rocket  construction  is  the  work  being  done 
on  the  design  of  ballistic  rockets  having  an  effective  radius  of  sev- 
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eral  thousand  kilometers. 


In  August  of  1957,  the  Soviet  Union,  for  the  first  time  in  his¬ 
tory,  launched  an  intercontinental  multistage  ballistic  rocket. 

The  tests  of  the  rocket  were  carried  out  successfully  and  they 

confirmed  fully  the  validity  of  the  calculations  and  the  selected  de¬ 
sign. 

The  rocket  flew  at  an  extremely  great  altitude.  Having  covered  a 
tremendous  distance  in  a  very  short  period  of  time,  the  rocket  landed 
in  its  assigned  target  area. 

The  results  that  were  obtained  demonstrate  that  it  is  possible  to 
launch  a  rocket  from  any  region  of  the  globe. 

In  i960  and  1961  the  Soviet  Union  tested  new  multistage  ballistic 
rockets  [25].  The  launching  was  carried  out  from  our  country;  the 
rockets  landed  in  the  assigned  target  areas  of  the  Pacific  Ocean,  some 
12  to  12.5  thousand  kilometers  from  the  launching  site.  The  last  stage 
was  not  an  active  stage,  but  rather  a  mockup.  The  next-to-last  stage 
of  the  rocket,  together  with  the  mockup  of  the  last  stage,  moved  ex¬ 
actly  along  their  calculated  trajectory;  a  velocity  in  excess  of  7 
km/sec  was  attained. 

The  next-to-last  rocket  stage,  having  carried  out  its  assign¬ 
ment,  on  reentry  into  the  dense  layers  of  the  atmosphere  at  an  alti¬ 
tude  of  some  80  to  90  km,  was  destroyed  in  its  continued  motion  and 
partially  burned  up.  The  mockup  of  the  last  rocket  stage,  adapted  to 
penetrate  the  dense  layers  of  the  atmosphere,  reached  the  surface  of 
the  water  close  to  the  calculated  point  of  impact. 

Special  vessels  of  the  Soviet  navy,  positioned  in  the  region  of 
anticipated  rocket  impact,  carried  out  valuable  telemetric  measure¬ 
ments  during  the  descent  leg  of  the  flight  trajectory. 

On  the  basis  of  the  measurements  that  were  carried  out  it  was  es- 
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tablished  that  the  deviation  from  the  point  of  rocket  impact  from  that 
calculated  amounted  to  less  than  2  km  in  i960,  and  less  than  1  km  in 
the  1961  tests,  thus  confirming  the  great  accuracy  of  the  rocket  con¬ 
trol  system  [253* 

There  are  long-range  rockets  in  the  Soviet  Union  that  are  in¬ 
tended  for  launching  from  submarines  [8], 

Soviet  liquid  rockets,  shown  during  the  First-of-May  1961  parade, 
are  shown  in  Figs.  18  and  19 . 

Powerful  multistage  rockets  are  extremely  important  from  the 
standpoint  of  the  launching  of  satellites  and  space  vehicles  which  are 
employed  for  purposes  of  investigating  outer  space. 

The  USA  has  a  series  of  short-range  rockets  (50-600  km),  medium- 
range  rockets  {2400  km),  and  intercontinental  ballistic  rockets  (8000- 
10,000  km). 

The  characteristics  of  contemporary  liquid  ballistic  USA  rockets 
(1955-1961)  are  presented  in  Table  2. 


TABLE  2 

Characteristics  of  Contemporary  Ballistic  USA 
Rockets  with  ZhRD  [26] 


^Flights  into  outer  space. 

1)  Name j  2 )  rocket  range,  in  km;  3)  launch  weight, 
in  tons;  4)  length,  in  m;  5)  maximum  diameter,  in 
m;  6)  thrust  of  first-stage  engine,  in  tons;  7) 
maximum  velocity,  in  km/sec;  8)  "Redstone";  9) 
"Thor";  10)  "Jupiter";  11)  "Atlas";  12)  "Titan"; 
13)  "Saturn." 
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The  "Atlas"  rocket  was  designed  for  a  range  of  8000  to  10,000  km. 
The  high  point  of  the  trajectory  of  this  rocket  lies  between  980  and 
1280  km.  The  power  plant  consists  of  three  engines.  The  sustainer  en¬ 
gine,  developing  a  thrust  of  6l  tons,  was  designed  to  operate  for  a 
period  of  180  seconds.  Two  boosters,  each  developing  a  thrust  of  45.3 
tons,  are  jettisoned  after  the  propellant  has  been  exhausted  --  these 
boosters  form  a  cluster  with  the  sustainer  rocket.  It  was  reported  in 
1959  that  the  accuracy  of  the  USA  rockets  was  characterized,  for  a 
range  of  8000  km,  by  a  deviation  of  +16  km  from  the  target  point  [26]. 

Of  the  new  powerful  USA  rockets  mention  should  be  made  of  the 
"Saturn"  rocket  system  developed  in  the  USA. 

Plans  called  for  the  completion  of  the  hot-firing  tests  of  the 
first  stage  of  the  "Saturn"  rocket  in  i960;  this  rocket  is  designed  to 
carry  a  payload  of  20  tons  into  orbit  and  the  total  initial  weight  of 
the  system  is  545  tons.  Thus  the  payload  amounts  to  4$.  The  first 
stage  of  the  "Saturn"  rocket  is  a  cluster  of  8  ZhRD  [liquid  rocket 
engines]  developing  a  total  thrust  of  684  tons,  i.e.,  each  ZhRD  de¬ 
velops  a  thrust  of  95.5  tons.  The  upper  stages  will  carry  from  three 
to  five  engines,  using  liquid  hydrogen  a3  the  propellant. 

The  first  stage  of  the  "Saturn"  rocket,  whose  launching  with  a 
mockup  was  scheduled  for  the  first  half  of  1961,  is  25  meters  long  and 

has  a  diameter  of  6.6  m.  The  first-stage  engines  operate  on  RP-1  kero¬ 
sene  and  liquid  oxygen. 

The  version  of  this  rocket  with  three  stages,  has  an  over-all 
length  of  56.5  m. 

The  four  engines  of  the  second  stage,  developing  a  total  thrust 
of  364  tons,  and  the  two  engines  of  the  third  stage,  developing  a 
thrust  of  152  tons,  operate  on  liquid  oxygen  and  liquid  hydrogen. 

The  'Saturn"  system,  designed  to  fly  to  the  Moon  and  land  on  its 


Fig.  18.  Soviet  rocket  equipment. 


Pig.  19.  A  Soviet  liquid  rocket. 


surface,  will  be  ready  by  1963-1964. 

Plans  call  for  the  development  of  the  "Nova"  rocket  system  by 
1967;  the  first  stage  of  this  system  will  consist  of  several  engines 
developing  a  total  thrust  of  between  2700  and  4000  tons. 

This  rocket  system  will  be  capable  of  landing  people  on  the  Moon 
without  any  intermediate  refueling  in  its  orbit. 

Plans  call  for  a  version  of  the  "Nova"  rocket,  having  a  launching 
weight  of  1100  tons,  based  on  existing  rockets. 

The  booster  stage  will  consist  of  seven  tanks  of  the  "Titan" 
rocket  and j two  ZhRD  "F-l"  engines,  developing  a  total  thrust  of  900 
tons,  said  engines  operating  on  liquid  oxygen  and  kerosene.  The  second 
stage  will  include  three  tanks  of  the  "Titan"  rocket,  and  these  tanks 
will  be  used  to  supply  a  single  engine  developing  a  thrust  of  225  tons. 
An  interesting  point  is  the  fact  that  the  plans  call  for  the  use  of 
turbojet  and  ramjet  engines  to  accelerate  these  heavy  rocket  systems 
to  altitudes  of  15-20  km;  the  jet  engines  will  produce  velocities  up 
to  1200  m/sec.  Through  the  utilization  of  the  booster  VRD  it  will  be 
possible  to  increase  the  payload. 


In  rocket  versions  involving  the  use  of  nuclear  engines,  which 
the  USA  plans  to  introduce  in  1970-1975,  the  initial  acceleration  of 
the  system  is  to  be  carried  out  by  means  of  several  TRD  mounted  on  a 
carrier  moving  over  inclined  (upward)  guide  rails  for  a  distance  of 
24  km.  During  this  acceleration  stage,  the  velocity  will  reach  600 
m/sec,  after  which  the  direct-flow  [ramjet]  engines  on  the  vehicle  will 
be  started,  and  these  will  provide  acceleration  up  to  3000  m/sec,  af¬ 
ter  which  the  nuclear  engine  is  to  be  turned  on,  permitting  entry  into 
the  given  orbit.  The  specific  impulse  of  the  nuclear  engine  will  be  of 
the  order  of  1500-3000  seconds. 

The  designers  are  presently  concerned  with  the  utilization  of  air- 
reaction  engines  for  the  acceleration  of  space  systems  to  altitudes  of 
15-20  km.  The  weight  of  a  passenger  space  vehicle  will  be  50,000  to 
80,000  tons,  and  this  is  equivalent  to  the  weight  of  ocean  liners. 

Space  vehicles  of  such  great  weight  will  take  off  from  and  land  on 
water. 


Pig.  20.  Operating  diagram  of 
a  radio-controlled  anti-aircraft 
rocket,  a)  Radar;  b)  rocket;  c) 
aircraft;  d)  destruction  of  air¬ 
craft. 

In  addition  to  the  long-range  rockets,  small -ZhRD  rockets  have 
been  developed  for  the  Army  to  operate  over  a  range  of  50  to  120  km, 
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and  these  rockets  can  be  employed  by  ground  forces  for  tactical  pur¬ 
poses. 

A  new  area  in  the  utilization  of  rockets  is  their  application  to 
anti-aircraft  defense. 

Contemporary  radio-controlled  anti-aircraft  rockets  have  been  de¬ 
veloped  for  purposes  of  protecting  industrial  and  administrative  cen¬ 
ters  against  air  attacks  [18-27].  An  operating  diagram  of  a  radio- 
controlled  rocket  is  presented  in  Fig.  20. 

Figures  21-24  show  an  anti-aircraft  rocket  on  its  launching  in¬ 
stallation,  the  launching  of  the  rocket,  its  approach  to  the  aircraft, 
and  the  destruction  of  the  aircraft. 

There  are  several  types  of  radio-controlled  anti-aircraft  rockets 

in  the  USA. 

For  example,  the  "Nike-1,"  the  first  rocket  of  this  type  produced 
in  1952,  has  a  solid-propellant  booster  and  a  liquid-propellant  sus- 
tainer  engine;  this  rocket  is  capable  of  destroying  a  target  up  to  an 
altitude  of  18  km.  Then  came  the  improved  "Nike-Ajax"  rocket,  and  in 
1958  it  was  proposed  that  the  anti-aircraft  defense  rocket  Nike-Ajax 
rocket  be  replaced  by  the  "Nike-Hercules  missile.  The  launching 
weight  of  the  latter  is  5000  kg,  it  is  11.9  m  long,  has  a  range  of 
110-120  km,  it  can  attain  an  altitude  of  21  km,  it  has  a  solid-propel¬ 
lant  engine,  and  a  warhead  charge  weighing  100-150  kg.  A  single  "Nike- 
Hercules"  missile  costs  $15,000,  and  the  fire-control  station  costs 
$500,000. 

The  "Nike -Zeus"  is  a  similar  missile  which  has  a  range  of  160  km 
and  can  destroy  a  target  at  an  altitude  of  15  to  25  km.  This  missile 
has  an  engine  operating  on  a  solid  propellant  based  on  ammonium  nitrate 
and  a  polysulfide;  the  engine  is  uncooled,  and  operates  for  a  period 
of  30  to  60  seconds.  Engine  reliability  is  achieved  by  the  utilization 

-  52  - 


of  new  shielding  heat- insulating  materials  -  liners  that  burn  up,  in¬ 
serts  made  of  glass-filled  textolite  (re sin- impregnated  laminated 
cloth),  etc. 

The  Soviet  Union  also  has  radio-controlled  anti-aircraft  rockets. 
The  first  military  application  of  a  rocket  of  this  type  occurred  on  1 
May  I960  when  a  single  rocket  was  used,  in  the  vicinity  of  the  city  of 
Sverdlovsk,  to  shoot  down  the  "U-2"  reconnaisance  aircraft  at  an  alti¬ 
tude  of  20  km. 

Rocket  engines  can  also  be  used  in  aviation. 

Solid-  and  liquid-propellant  rocket  engines  in  aviation  are  used 
as  boosters.  The  greatest  power  is  needed  during  the  takeoff  of  an 
aircraft;  during  its  motion  through  the  air  the  aircraft  requires  less 
power,  and  therefore  the  use  of  boosters  which  increase  the  total 
thrust  for  short  periods  of  time  makes  it  possible  to  accelerate  the 
takeoff  of  an  aircraft  by  a  factor  of  at  least  two,  thus  permitting  a 
reduction  in  the  length  of  the  runway,  as  well  as  making  it  possible 
to  take  off  from  the  deck  of  a  vessel.  Boosters  also  make  it  possible 
to  increase  the  payload  of  an  aircraft  by  20$,  and  velocity  can  also 
be  Increased  for  short  periods  of  time  in  the  air  through  the  use  of 
rocket  boosters. 

By  the  end  of  the  Second  World  War,  the  German  firm  "Waither"  be¬ 
gan  production  of  boosters  with  ZhRD  capable  of  developing  thrusts  of 
500,  1000,  and  1500  kg.  Engines  of  this  type  are  now  being  produced  in 
Great  Britain  and  other  countries. 

Aircraft  with  ZhRD  have  been  designated  as  rocket  aircraft.  The 
first  rocket  aircraft  with  a  ZhRD  was  the  Me-163  fighter  which  ap¬ 
peared  in  Germany  at  the  end  of  the  war.  This  fighter  had  a  maximum 
velocity  of  960  km/hr  which  was  extremely  great  for  that  time,  and  it 
was  capable  of  climbing  to  an  altitude  of  more  than  13,000  meters.  The 
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Fig.  21.  An  anti-aircraft  radio 
controlled  rocket  on  its  launch 
ing  installation. 


Fig.  22.  The  launching  of  an  anti-air 
craft  rocket. 


Pig.  23.  Approach  of  anti-air¬ 
craft  rocket  to  aircraft. 


Fig.  24.  Destruction  of  aircraft 
on  explosion  of  rocket. 


greatest  thrust  developed  by  this  engine  was  1500  kg.  The  fuel  supply 
lasted  only  for  8  minutes;  however,  during  this  period  of  time  a 
single  rocket  fighter  was  capable  of  shooting  down  several  heavy 
bombers,  in  defense  of  major  industrial  centers. 

In  1954-1955,  flight  tests  of  a  series  of  liquid  reaction  air¬ 
craft  were  conducted  abroad.  For  example,  the  "Screamer"  engine  (USA), 
intended  for  supersonic  aircraft,  operates  on  liquid  oxygen  and  kero¬ 
sene  and  develops  its  maximum  thrust  of  4000  kg  at  an  altitude  of  12.2 
km. 


Aircraft  with,  rocket  engines  have  not  come  into  widespread  use 


because  of  the  limited  flight  duration.  However,  such  aircraft  are 
necessary  for  special  purposes  (fighter-interceptors).  A  velocity  of 
about  3000  km/hr  and  an  altitude  of  27,400  m  were  attained  with  a 
rocket  aircraft  in  1955.  In  1956,  flight  tests  were  conducted  with  an 
experimental  rocket  aircraft  which  had  an  eight-chamber  ZhRD  capable 
of  developing  more  than  4  tons  of  thrust;  this  aircraft  was  designed 
to  fly  at  a  velocity  of  about  4000  km/hr  [28].  There  are  Jet  aircraft 
which  are  equipped  with  rocket  and  turbojet  engines. 


Fig.  25.  English  supersonic  Jet  aircraft  with  a 
single  rocket  or  two  turbojet  engines. 


Fig.  26.  Soviet  supersonic  aircraft  with  rocket 
and  air -reaction  engine. 
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In  1961,  in  the  Soviet  Union  a  high-altitude  flight  record  (34.7 
km)  was  established  with  an  aircraft  which  had  a  rocket  engine;  this 

aircraft  was  shown  at  an  air  show  in  1961. 

Figures  25  and  26  show  jet  aircraft  behind  which  the  gas  stream 

of  a  rocket  engine  is  clearly  visible. 

b)  Rockets  for  the  launching  of  satellites  and  space  vehicles 

Rockets  and  rocket  engines  are  finding  ever  increasing  applica¬ 
tion  for  peaceful  purposes  [29]  and  for  scientific  investigations. 
Rockets  are  widely  used  to  study  the  upper  layers  of  the  atmosphere  at 
altitudes  from  25  to  450  km,  as  well  as  for  biological  investigations. 
Both  in  the  USSR  and  abroad,  animals  have  been  sent  up  in  rockets  in 
order  to  study  their  behavior  under  conditions  of  space  flight.  Rockets 
have  been  used  to  conduct  aerial  photography  of  the  Earth  from  great 
altitudes.  Rivers,  cities,  highways,  railroads,  etc.,  can  be  recog¬ 
nized  on  photographs  taken  at  altitudes  of  90-100  km.  There  are  photo¬ 
graphs  of  the  Earth,  taken  at  altitudes  of  170-225  km,  which  cover  a 
surface  area  of  some  5000  km.  Mountain  relief,  the  curvature  of  the 
Earth's  surface,  etc.,  can  be  seen  on  these  photographs. 

The  outstanding  scientific  achievement  in  recent  years,  beginning 
with  1957,  is  the  launching  of  the  artificial  Earth  satellites  and 
space  rockets,  and  this  was  first  done  in  the  Soviet  Union  [30]  and 
later  on  in  the  USA. 

On  4  October  1957,  the  USSR  launched  successfully  the  first  arti¬ 
ficial  satellite  of  the  Earth.  An  intercontinental  rocket  was  used  for 
this  purpose. 

The  rocket  carried  the  satellite  of  the  Earth  into  orbit  and  im¬ 
parted  to  the  satellite  a  velocity  of  8  km/sec.  This  terrestrial  satel¬ 
lite  and  the  rocket  entered  into  an  elliptical  trajectory  (orbit) 
around  the  Earth.  The  Earth  satellite  flew  at  altitudes  of  up  to  900 


km  and  completed  a  single  revolution  every  hour  and  thirty  five  min¬ 
utes  during  the  first  days  after  launch.  The  satellite  was  in  the 
shape  of  a  sphere,  with  a  diameter  of  58  cm,  and  it  weighed  83*6  kg. 
Radio  transmitters,  continuously  emitting  radio  signals,  were  in¬ 
stalled  aboard  this  "sputnik. " 

The  successful  launching  of  the  first  artificial  satellite  of  the 
earth  designed  by  man  offered  a  tremendous  contribution  to  the  treas¬ 
ures  of  the  world's  science  and  culture.  This  scientific  experiment 
was  of  tremendous  importance  from  the  standpoint  of  knowledge  about 
cosmic  space  as  well  as  from  the  point  of  view  of  studying  the  Earth 
as  a  planet  of  our  solar  system. 

On  3  November  the  Soviet  Union  launched  the  second  artificial 
satellite  of  the  Earth.  The  second  artificial  satellite,  made  in  the 
USSR,  was  the  last  stage  of  the  rocket  which  carried  containers  with 
scientific  equipment  and  an  experimental  dog.  The  total  weight  of  the 
equipment,  the  experimental  animal,  and  the  electric  power  sources 
came  to  508.3  kg.  The  satellite  attained  an  orbital  velocity  in  excess 
of  8000  [sic]  km/sec.  The  satellite  reached  a  maximum  distance  from  the 
earth  of  about  1700  km;  it  completed  a  single  revolution,  initially, 
in  1:43  hours.  On  the  basis  of  measurement  data  obtained  from  this 
satellite,  the  operation  of  the  scientific  equipment  and  the  monitor¬ 
ing  of  the  ability  of  the  animal  to  survive  proceeded  in  normal  fashion. 

Soviet  scientists  expanded  their  investigation  of  outer  space  and 
the  upper  layers  of  the  atmosphere  through  the  launching  of  the  second 
artificial  satellite  of  the  earth,  which  contained  scientific  equip¬ 
ment  and  an  experimental  animal. 

On  15  May  1958,  the  third  Soviet  artificial  satellite  of  the 
earth  was  launched  by  means  of  a  multistage  rocket;  the  weight  of  the 
satellite,  after  separation  of  the  last  rocket  stage,  came  to  1327  kg. 
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The  height  of  the  orbit  above  the  surface  of  the  Earth  varied  between 
266  and  1880  km;  the  time  required  for  a  complete  revolution,  during 
the  initial  period,  was  105  minutes.  Scientific  equipment  weighing  968 
kg  was  installed  aboard  the  satellite;  this  equipment  made  it  possible 
to  conduct  various  experiments  and  investigations.  A  multichannel 
telemetry  system  with  high  resolving  power  was  installed  on  the  satel¬ 
lite  in  order  to  transmit  scientific  observation  data  to  ground  record¬ 
ing  stations.  The  third  artificial  satellite  of  the  Earth  continued 
its  orbital  motion  for  almost  two  years  and  completed  more  than  10,000 
revolutions  around  the  Earth. 

On  16  March  and  26  April  1962  the  Soviet  Union  launched  an  addi¬ 
tional  four  satellites  of  the  Earth. 

During  the  period  from  the  beginning  of  1958  through  March  1961 
the  USA  launched  several  tens  of  satellites  which  carried  scientific 
equipment  weighing  from  4.5  kg  to  several  tons.  The  launching  of  the 
first  artificial  satellite  of  the  Earth  from  the  USA  took  place  on  31 
January  1958  and  was  accomplished  with  a  medium-range  "Jupiter-C"  Army 
rocket.  The  last  stage  of  the  rocket  carrying  the  satellite  weighed 
14  kg  without  propellant. 

The  later  satellites  launched  by  the  USA  carried  television  equip¬ 
ment  for  transmission  of  images  of  the  Earth's  surface  over  which  the 
satellites  passed.  As  an  example  of  this  type  of  satellite  we  can  cite 
the  USA  satellite  "Tiros,"  launched  in  i960;  this  satellite  trans¬ 
mitted  television  images  of  the  Earth's  surface  from  altitudes  ranging 
between  725  and  1300  km.  Satellites  of  this  type  may  be  employed  for 
military  reconnaisance  purposes.  New  types  of  propellants  were  employed 
by  the  USA  for  the  launching  of  artificial  Earth  satellites;  we  have 
reference  here  to  dimethyl  hydrazine  with  oxygen,  as  well  as  solid 
propellants. 


The  launching  of  artificial  Earth  satellites  made  possible  the 
accumulation  of  experience  in  preparation  for  space  flights  and  the 
development  of  new  and  more  powerful  multistage  rockets,  rocket-control 
systems,  and  improvements  in  the  scientific  equipment  aboard  these 
satellites. 

As  a  result  of  all  of  this,  on  2  January  1959  the  Soviet  Union 
successfully  launched  the  first  multistage  rocket  in  the  direction  of 
the  Moon  [31].  The  last  and  guided  stage  of  the  rocket  exceeded  the 
second  cosmic  (escape)  velocity  of  11.2  km/sec  at  which  a  rocket  can 
escape  the  field  of  terrestrial  gravitation  and  move  away  forever  from 
the  Earth. 

After  all  of  the  propellant  had  been  consumed,  the  weight  of  the 
last  stage  amounted  to  1472  kg,  including  the  payload  of  the  rocket, 
which  weighed  361.3  kg  and  included  various  instruments  and  two  radio 
transmitters.  A  portion  of  the  payload  is  situated  directly  in  the 
frame  of  the  rocket,  and  the  other  part  is  housed  in  a  hermetically 
sealed  container  which  is  separated  from  the  last  stage  after  cessa¬ 
tion  of  engine  operation. 

In  order  to  reach  the  designated  area  on  the  Moon,  a  strictly 
calculated  trajectory  must  be  maintained;  the  velocity  of  the  rocket 
at  the  end  of  the  acceleration  phase  must  exhibit  a  deviation  of  no 
more  than  0.5#  (i.e.,  56  m/sec  at  a  velocity  of  more  than  11.2  km/sec) 
from  the  set  velocity,  and  the  deviation  from  the  required  heading 
must  not  exceed  0.5°.  All  of  the  scientific  information  obtained  by 
the  measuring  instruments  was  transmitted  by  means  of  the  radio  trans¬ 
mitters  which  operated  on  a  frequency  of  19-993  and  183.6  Me.  In  com¬ 
memoration  of  the  first  space  rocket  produced  by  the  Soviet  Union,  the 
container  held  two  pennants  showing  the  State  Seal  of  the  Soviet  Union. 
Radio  communications  with  the  rocket  were  maintained  In  outer  space  to 
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a  distance  of  500,000  km.  After  a  period  of  35  hours  after  the  launch¬ 
ing,  the  cosmic  rocket  had  come  to  within  5000-6000  km  from  the  lunar 
surface,  having  covered  a  distance  of  more  than  370,000  km.  By  7-8 
January  1959  the  rocket  had  passed  beyond  the  gravitational  field  of 
the  Earth  and  covered  a  distance  of  more  than  930,000  km.  Virtually 
free  of  the  effect  of  terrestrial  gravitation,  the  rocket  entered  an 
elliptical  orbit  around  the  Sun,  becoming  a  satellite  of  the  Sun.  The 
duration  of  a  single  revolution  of  this  first  Soviet  artificial  planet 
about  the  Sun  is  15  months,  with  the  perihelion  at  146  million  and  the 
aphelion  at  197  million  kilometers  with  respect  to  the  Sun. 

The  mockup  of  the  last  stage  of  the  Soviet  cosmic  rocket  is  pre¬ 
sented  in  Fig.  27. 

After  the  first  Soviet  cosmic  rocket,  on  3  March  1959  the  USA 
launched  a  four-stage  rocket,  the  "Pioneer  IV,"  in  the  direction  of 
the  moon;  this  rocket  had  a  launch  weight  of  60  tons  (Fig.  28).  The 
first  stage  consisted  of  a  medium-range  "Jupiter"  ballistic  rocket 
which  operated  on  a  liquid  propellant,  and  the  engine  produced  a  thrust 
of  68  tons;  the  second  stage  consisted  of  a  cluster  of  eleven  solid- 
propellant  "Sergeant"  rockets  having  a  total  weight  of  327  kg;  the 
third  stage  consisted  of  three  such  rockets,  weighing  94  kg;  the 
fourth  rocket  consisted  of  a  single  solid-propellant  rocket  weighing 
27  kg.  The  container  carrying  the  instruments,  which  separated  from 
the  fourth  stage,  weighed  6  kg,  i.e.,  0.01#  of  the  launching  weight. 

On  12  September  1959  the  Soviet  Union  launched  the  second  cosmic 
rocket  to  the  Moon.  The  launch  was  accomplished  by  means  of  a  multi¬ 
stage  rocket.  The  engines  of  this  rocket  operated  for  several  minutes 
on  a  propellant  which  exhibited  high  heating  value.  By  the  time  the 
engine  of  the  last  stage  ceased  operation,  the  rocket  had  accelerated 
to  a  velocity  in  excess  of  the  second  cosmic  (escape)  velocity  -  11.2 
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km/sec,  and  the  last  stage  with  the  container  and  scientific  equipment 
was  in  orbit.  The  last  stage  of  the  rocket  was  a  guided  rocket  which 
weighed  1511  kg  without  propellant.  It  carried  a  container  which 
housed  scientific  equipment  weighing  390.2  kg.  On  its  way  to  the  Moon 
the  rocket  continuously  lost  speed  as  a  result  of  the  effect  of  ter¬ 
restrial  gravitation  and  its  velocity  dropped  to  2  km/sec;  subse¬ 
quently,  as  the  rocket  encountered  the  gravitational  force  of  the 
Moon,  the  velocity  began  to  increase  and  attained  3-3  km/sec. 


Fig.  27.  Mockup  of  the  last  stage  of  the 
Soviet  cosmic  rocket. 


The  cosmic  rocket  (the  container  with  equipment  and  the  last 
stage),  launched  on  12  September  1959,  reached  the  surface  of  the  Moon 
on  14  September  at  00:02:24  hours,  Moscow  time,  having  covered  a  dis¬ 
tance  of  371,000  km.  The  container  with  its  scientific  instruments  was 
landed  on  the  Moon,  at  a  point  approximately  800  km  from  the  center  of 
the  visible  disk  of  the  Moon,  i.e.,  the  rocket's  target.  The  launching 
of  a  rocket  to  the  Moon  is  an  extremely  complex  scientific  and  tech¬ 
nical  problem.  In  order  to  carry  out  a  flight  to  the  moon  it  was  nec¬ 
essary  to  devise  a  highly  perfected  multistage  rocket,  powerful  rocket 
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engines  operating  on  propellants  exhibiting  high  heating  value,  and  in 
addition  it  was  necessary  to  produce  an  extremely  exact  rocket-flight 
control  system,  ground  launching  equipment,  and  a  complex  of  auto¬ 
matic  measuring  equipment  for  purposes  of  observing  the  rocket  flight. 
Theoretical  investigations  and  technical  calculations  preceded  the 
launching  of  the  rocket  to  the  Moon;  these  activities  made  it  possible 
to  determine  the  trajectory  parameters  and  the  time  of  launch  whicn 
would  ensure  the  successful  solution  of  the  problem  of  attaining  the 
surface  of  the  Moon  under  the  most  favorable  of  conditions. 

On  4  October  1959  the  Soviet  Union  launched  the  third  cosmic 
rocket,  and  this  rocket  carried  an  automatic  interplanetary  station. 

This  launching  was  carried  out  by  means  of  a  multistage  rocket 
whose  last  stage,  having  attained  the  given  velocity,  placed  the  auto¬ 
matic  interplanetary  station  into  its  required  orbit.  The  orbit  of  the 
automatic  interplanetary  station  was  selected  so  as  to  provide  for  the 
passage  of  the  station  close  to  the  Moon  and  to  fly  around  the  Moon 
and  return  to  Earth.  A  velocity  somewhat  less  than  the  second  cosmic 
(escape)  velocity  was  needed  at  the  end  of  the  acceleration  sector  in 
order  to  accomplish  this.  The  last  stage  of  the  cosmic  rocket  weighed 
1553  kg  without  propellant,  and  this  includes  the  weight  of  the  auto¬ 
matic  interplanetary  station  (278.3  kg)  and  the  weight  of  the  measur¬ 
ing  Instruments  and  power  sources  ( 156.5  kg)  housed  in  the  last  stage 
of  the  rocket.  Thus  the  total  weight  of  the  payload  amounted  to  434.8 
kg,  and  the  weight  of  the  last  stage  of  the  rocket,  without  propellant 
and  scientific  equipment,  came  to  1118.2  kg. 

The  purpose  of  the  launching  of  the  third  cosmic  rocket  was  to 
resolve  a  number  of  problems  dealing  with  the  investigation  of  outer 
space.  The  most  important  of  these  problems  was  the  obtaining  of  a 
photographic  Image  of  the  surface  of  the  Moon  and,  in  particular,  of 
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Fig.  28.  The  launching  of  a 
multistage  rocket  in  the  USA 
to  the  moon. 

the  Invisible  side  of  the  moon.  The  automatic  interplanetary  station 
is  a  space  flying  craft  equipped  with  complex  radio-engineering,  photo¬ 
television,  and  scientific  equipment,  a  special  orientation  system, 
program  control  devices  for  the  functioning  of  the  on-board  equipment, 
an  automatic  control  system  to  maintain  the  thermal  regime  within  the 
station,  and  electric  power  sources.  The  phototelevision  equipment  of 
the  station  made  possible  the  automatic  photography  of  the  reverse 
side  of  the  Moon,  the  processing  of  the  film,  and  its  preparation  for 
transmission  of  the  image  back  to  Earth.  After  a  period  of  32  hours, 
the  cosmic  rocket  reached  the  vicinity  of  the  Moon  and  passed  within  a 
distance  of  7000  km  from  the  lunar  surface,  bending  around  the  Moon, 


and  then  through  the  action  of  terrestrial  gravitation  again  began  its 
approach  to  Earth.  On  its  return  to  Earth  in  its  first  revolution,  the 
interplanetary  station  passed  at  a  distance  of  47.5  thousand  kilometers 
from  the  center  of  the  Earth. 

On  7  October  the  interplanetary  station  carried  out  its  task  of 
photographing  the  back  side  of  the  Moon.  The  time  required  for  the 
photography  process  was  selected  so  as  to  position  the  station,  in  its 
orbit,  between  the  Moon  and  the  Sun  which,  at  that  time,  was  illuminat¬ 
ing  approximately  70$  of  the  invisible  side  of  the  Moon.  At  this  time, 
at  the  beginning  of  the  photography  process,  the  station  was  some  65.2 
thousand  km  from  the  lunar  surface,  and  at  the  end  of  the  photography 
process  its  distance  from  the  Moon's  surface  was  68.4  thousand  km.  By 
means  of  a  special  command  emitted  by  the  orientation  system,  the  sta¬ 
tion  was  turned  so  that  the  objectives  (lenses)  of  the  camera  were  di¬ 
rected  at  the  back  side  of  the  Moon,  and  the  orientation  system  emit¬ 
ted  the  command  to  switch  on  the  photo  equipment.  The  photography  of 
the  Moon  continued  for  approximately  40  minutes.  At  the  completion  of 
the  photography  phase,  the  film  was  transported  into  an  automatic 
processing  device  where  it  was  developed,  fixed,  and  dried.  The  film 
was  then  placed  into  a  special  cassette  for  the  transmission  of  images. 
The  transmission  of  the  lunar  images  was  carried  out  on  a  command  from 
Earth,  at  which  point  the  power  source  for  the  on-board  television 
equipment  was  switched  on,  the  television  equipment  was  connected  to 
the  on-board  transmitters,  and  the  film  was  drawn  through.  The  signals 
of  the  television  image,  received  by  ground  stations,  were  recorded  by 
a  variety  of  equipment.  The  signals  of  the  lunar  images  were  recorded 
on  film  by  means  of  special  equipment  designed  to  record  television 
images,  as  well  as  on  magnetic  tape  recorders,  and  devices  capable  of 
recording  images  on  paper. 
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Fig.  29.  Photograph  of  the  invisible 
side  of  the  Moon. 


The  photographs  showed  the  surface  of  the  Moon  that  is  not  vis¬ 
ible  from  the  Earth,  and  there  were  pictures  also  of  a  small  region 
with  known  formations.  The  presence  on  the  photographs  of  a  part  of 
the  Moon  which  had  already  been  studied  made  it  possible  to  relate 
newly  discovered  points  to  areas  that  were  already  kncn,  thus  deter¬ 
mining  their  coordinates. 

Figure  29  shows  a  photograph  of  the  reverse  side  of  the  Moon. 

Thus  after  350  years  of  telescopic  observations  of  the  Moon,  the 

reverse  side  of  the  moon  was  placed  under  observation  for  the  first 
time. 

At  the  station's  maximum  distance  from  the  earth,  the  received 
part  of  the  power  of  the  on-board  transmitter  is  lower  by  a  factor  of 
100  million  than  the  power  received  by  a  conventional  television  re¬ 
ceiver.  In  this  connection,  for  superlong  transmissions  of  images  in 
the  case  of  extremely  low  radio-transmitter  power,  use  was  made  of  an 
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Image-transmission  speed  that  was  lower  by  a  factor  of  tens  of  thou¬ 
sands  than  the  transmission  speed  for  conventional  television  broad¬ 
cast  centers. 

By  means  of  the  radio-television  equipment  aboard  the  automatic 
Interplanetary  station,  it  was  possible  to  transmit  the  images  from 
various  distances,  even  out  to  a  distance  of  470,000  km,  thus  confirm¬ 
ing  experimentally  the  possibility  of.  transmitting  images  of  high 
clarity  in  outer  space  over  superlong  distances. 

The  next  step  in  the  penetration  of  the  depths  of  outer  space  was 
the  launching  of  the  Soviet  cosmic  rocket  to  the  planet  Venus  on  12 
February  1961,  which  is  a  stage  in  the  study  of  the  other  planets  of 
the  solar  system.* 

A  new  principle  was  applied  here  in  order  to  send  a  cosmic  device 
on  a  trajectory  to  Venus  -  the  launching  of  a  guided  cosmic  rocket 
from  on-board  an  artificial  satellite  of  the  Earth.  In  order  to  carry 
out  this  complex  task,  it  was  necessary  to  devise  automatic  orienta¬ 
tion  systems,  and  it  was  also  necessary  to  design  special  devices  cap¬ 
able  of  executing  a  given  cosmic-rocket  maneuver  during  orbital  flight 
with  great  precision;  for  example,  rocket  deceleration,  flight-tra¬ 
jectory  correction,  etc.  The  advantages  of  this  new  launching  method 
for  cosmic  rockets  are  quite  significant.  For  example,  the  motion  of 
the  satellite  is  kept  under  observation  and  the  parameters  of  the 
satellite's  orbit  are  determined  with  great  accuracy  from  computer 
stations  on  the  ground.  This  means  that  it  will  be  possible  to  take 
into  consideration  accurately  any  errors  in  the  insertion  of  the  sat¬ 
ellite  into  its  orbit  and  to  neutralize  these  errors  during  the  launch¬ 
ing  of  the  space  vehicle  from  the  satellite,  which  is  something  that 
cannot  be  done  when  the  interplanetary  station  is  launched  directly  by 
means  of  a  multistage  rocket.  All  of  this  is  of  great  significance  for 
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the  launching  of  a  cosmic  rocket  to  Venus,  since  it  Is  considerably 
more  difficult  to  reach  the  vicinity  of  Venus  than  to  enter  the  gravi¬ 
tational  field  of  the  Moon. 

The  cosmic  rocket  was  launched  from  the  satellite  at  a  preset 
point  in  the  orbit.  As  the  flight  velocity  of  this  rocket,  with  re¬ 
spect  to  the  earth,  exceeded  the  second  cosmic  (escape)  velocity  by 
661  m  per  second  and  the  rocket  had  passed  a  preset  point  in  space, 
the  rocket  engine  was  turned  on,  and  the  automatic  interplanetary  sta¬ 
tion  separated  from  the  rocket  and  began  its  free  flight  on  a  trajec¬ 
tory  to  the  planet  Venus.  The  weight  of  the  automatic  interplanetary 
station,  without  the  space  rocket,  amounted  to  643.5  kg;  the  length  of 
the  automatic  interplanetary  station  was  2.035  m  and  its  diameter  was 
1.05  mm.  Thus  the  launching  of  a  guided  device  from  on-board  an  arti 
ficial  satellite  of  the  Earth  along  an  interplanetary  route  was  car¬ 
ried  out  for  the  first  time. 

The  ability  of  the  Soviet  Union  to  develop  large  and  heavy  arti¬ 
ficial  satellites  of  the  Earth  and  the  successful  testing  of  powerful 
rockets  capable  of  placing  a  satellite  weighing  several  tons  into  a 
given  orbit  have  made  it  possible  to  undertake  the  construction  and 
testing  of  space  vehicles  for  extended  manned  flights  into  outer  space. 

In  the  period  from  May  i960  through  March  1961  the  Soviet  Union 
launched  several  space  vehicles  into  an  orbit  around  the  Earth  by 
means  of  powerful  multistage  rockets  [32]. 

The  weight  of  the  first  satellite  vehicle,  without  the  last  stage 
of  the  rocket,  came  to  4.54  tons.  A  hermetically  sealed  cabin  carrying 
a  load  simulating  the  weight  of  a  man  was  carried  on  this  satellite 
vehicle;  in  addition  this  vehicle  carried  all  of  the  equipment  neces¬ 
sary  for  the  forthcoming  flight  of  man  into  outer  space;  the  weight  of 
the  various  equipment  came  to  1477  kg.  At  a  command  from  the  Earth, 
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the  hermetically  sealed  cabin,  weighing  2.5  tons,  was  separated  from 

* 

the  satellite  vehicle. 

The  launch  was  intended  to  test  and  verify  the  various  systems  of 
the  satellite  vehicle  which  ensure  safe  flight,  provide  flight  control, 
and  work  out  the  conditions  required  for  a  manned  flight.  All  of  the 
necessary  information  about  the  flight  and  functioning  of  the  vehicle 
were  transmitted  by  means  of  radio  signals  to  Earth. 

On  19  August  i960,  from  the  territory  of  the  Soviet  Union,  the 
second  cosmic  satellite  vehicle  with  an  experimental  animal  aboard  was 
successfully  launched.  The  satellite  vehicle  weighed  4.6  tons  without 
the  rocket,  and  its  orbit  varied  between  306  to  339  km  above  the  Earth. 
Upon  completion  of  the  investigation  program,  calculated  to  last  a  24- 
hour  period,  and  after  the  receipt  of  data  on  the  functioning  of  the 
animals,  a  command  was  issued  to  bring  about  the  descent  of  the 
vehicle  from  its  orbit.  The  command  was  issued  during  the  18th  orbit, 
exactly  24  hours  after  the  launch,  and  the  reverse-thrust  rockets  were 
then  actuated,  and  these  functioned  with  great  accuracy,  causing  the 
satellite  vehicle  to  leave  its  initial  orbit  and,  because  it  was 
equipped  with  special  heat  shielding,  safely  pass  through  the  dense 
layers  of  the  atmosphere.  After  the  actuation  of  the  reverse -thrust 
rockets,  the  cabin  flew  some  11,000  km  on  its  descent  phase  and  was 
decelerated  in  the  atmosphere  by  means  of  a  special  deceleration  sys¬ 
tem.  The  satellite  vehicle  and  the  capsule  separated  from  it  at  an  al¬ 
titude  of  7  km  and  the  capsule  containing  the  experimental  animal  landed 
safely  by  means  of  a  parachute  at  the  designated  point  in  the  Soviet 
Union.  The  deviation  of  the  landing  point,  from  that  calculated,  was 
about  10  km. 

Thus  for  the  first  time  in  the  history  of  mankind  live  beings  - 
a  dog,  mice,  etc.  -  had  spent  more  than  24  hours  in  space  flight,  cov- 
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ering  in  excess  of  700,000  km,  and  they  returned  safely  to  Earth. 

The  Soviet  Union  soon  launched  a  third  and  fourth  satellite  ve¬ 
hicle. 

On  4  February  1961  a  heavy  artificial  satellite  of  the  Earth, 
weighing  6483  tons,  was  placed  into  orbit  by  means  of  an  improved  mul¬ 
tistage  rocket. 

The  fourth  and  fifth  satellite  vehicles,  each  weighing  about  4.7 
tons  without  the  last  rocket  stage,  were  launched  in  March  1961.  The 
basic  task  of  these  launchings  was  the  continued  testing  of  the  design 
of  the  satellite  vehicle  and  the  instruments  and  systems  installed 
aboard,  which  were  to  ensure  the  ability  of  a  man  to  withstand  flight 
in  outer  space.  The  vehicle  again  carried  a  dog  and  other  biological 
specimens. 

c)  The  flight  of  man  into  outer  space  [33] 

The  launching  of  artificial  satellites  during  a  period  of  a  num-  ' 
ber  of  years,  and  the  return  of  these  satellites  to  Earth,  the  launch¬ 
ing  of  cosmic  rockets,  and  the  development  of  powerful  rockets  for 
these  purposes,  laid  the  groundwork  for  a  manned  flight  into  the  cos¬ 
mos. 

This  historic  event  occurred  on  12  April  1961  when  Major  Yuriy 
Gagarin,  for  the  first  time  in  the  history  of  mankind,  completed  his 
outstanding  achievement  of  flying  around  the  terrestrial  globe  aboard 
the  Soviet  space  vehicle  "Vostok. " 

The  space  vehicle  with  Yu.  Gagarin  weighed  4725  kg  without  the 
last  stage  of  the  rocket,  and  this  vehicle  was  placed  into  orbit 
around  the  Earth  with  its  altitude  varying  between  l8l  and  327  km.  A 
multistage  rocket  with  six  first-stage  engines  was  used  to  place  the 
vehicle  into  orbit;  the  first-stage  engines  developed  a  total  power 
of  20,000,000  horsepower.  Upon  completing  one  revolution  around  the 
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Earth,  the  vehicle  was  landed  exactly  at  its  designated  .point.  The 
launch  took  place  at  9 s 07  hours,  Moscow  time,  and  the  automatic  ori¬ 
entation  system  of  the  vehicle  was  switched  on  at  9:51  hours,  and  sub 
sequently  the  reverse-thrust  rockets  were  actuated  at  10:25  hours,  at 
which  time  the  vehicle  shifted  from  its  orbit  as  a  satellite  of  the 
Earth  to  its  descent  trajectory.  At  10:55  hours  the  vehicle  landed  at 
its  designated  area  in  Saratov  Oblast  (Region).  Prom  the  instant  that 
the  reverse-thrust  system  was  actuated  to  the  instant  of  descent,  the 
vehicle  covered  approximately  8000  km  which  took  approximately  30  min 
utes.  During  the  landing  phase,  at  an  altitude  of  about  7  km  the  cos¬ 
monaut  together  with  his  couch  was  catapulted  out  of  the  capsule  and 
Yu.  Gagarin  landed  by  means  of  a  parachute,  although  the  landing  of 
the  cosmonaut  could  have  been  carried  out  in  the  space  capsule. 

The  flight  of  Yu.  Gagarin  demonstrated  the  reliability  and  high 
degree  of  accuracy,  as  well  as  the  fail-proof  functioning  of  both  the 
rocket  and  the  space  vehicle.  It  was  demonstrated  that  man  can  with¬ 
stand  normally  the  conditions  of  cosmic  flight:  during  the  entry  into 
the  orbit,  in  a  state  of  weightlessness,  and  on  the  return  to  Earth. 

On  6  August  1961  the  Soviet  Union  launched  the  second  cosmic  ve¬ 
hicle,  the  "Vostok-2, "  into  an  orbit  around  the  Earth;  this  vehicle 
was  piloted  by  Major  German  Titov.  The  weight  of  this  satellite  ve¬ 
hicle,  without  the  last  stage  of  the  rocket,  came  to  4731  kg.  The  ve- 
hi. le  was  placed  into  an  orbit  close  to  that  calculated,  with  its  min¬ 
imum  distance  from  the  Earth  at  178  km  and  a  maximum  distance  of  257 
km.  The  initial  period  of  satellite-vehicle  revolution  amounted  to 
88.6  minutes.  German  Titov  successfully  completed  a  25-hour  flight 
around  the  Earth  and  after  carrying  out  the  assigned  program  of  inves¬ 
tigation  successfully  landed  on  the  territory  of  the  Soviet  Union 
close  to  the  point  of  landing  of  the  space  vehicle  "Vostok-2."  The 
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Fig.  30.  Photograph  of  the  Earth,  taken 
from  a  high-altitude  rocket. 

space  vehicle  "Vostok-2"  flew  more  than  17  times  around  the  globe, 
covering  a  distance  in  excess  of  700,000  km. 

The  tasks,  of  the  flight  were  the  following:  to  investigate  the 
effect  on  the  human  organism  of  an  extended  flight  in  an  orbit  around 
the  Earth,  the  investigation  of  man's  ability  to  function  and  to  carry 
out  all  life  functions  under  conditions  of  weightlessness.  For  scien¬ 
tific  observations  in  cosmic  space,  the  space  vehicle  was  equipped 
with  scientific  apparatus,  as  well  as  with  a  television  system  which 
made  it  possible  to  maintain  two-way  communications. 

The  flight  of  the  space  vehicle  "Vostok-2"  made  it  possible  to 
carry  out  extremely  valuable  scientific  observations  and  demonstrated 
that  man  can  function  normally  during  an  extended  flight  in  outer 
space  and  to  monitor  a  space  flight,  including  the  actual  control  of 
the  vehicle  [34].  In  his  flight  in  orbit  around  the  Earth,  G.S.  Titov 
took  photographs  of  the  surface  of  the  Earth. 

Figure  30  shows  a  photograph  of  the  Earth  taken  from  a  high- 
altitude  rocket. 

Over  a  period  of  a  number  of  years,  the  USA  launched  a  number  of 
ballistic  rockets  vertically  and  along  a  ballistic  curve  to  altitudes 
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ranging  from  200  to  1200  km  and  these  rockets  carried  animals  for  the 
purpose  of  studying  the  effect  of  cosmic  space  on  the  life  functions 
of  organisms. 

At  the  beginning  of  May  1961,  the  USA  launched  a  man  -  Captain  A. 
Shepard  -  along  a  ballistic  trajectory  in  a  special  capsule  weighing 
1500  kg,  which  was  adapted  to  the  ballistic  "Redstone"  rocket.  This 
flight  lasted  15  minutes  and  covered  a  distance  of  500  km.  The  capsule 
carrying  the  pilot  separated  from  the  rocket  at  the  high  point  of  its 
trajectory,  and  it  landed  in  the  waters  of  the  Pacific  Ocean  [sic]. 

On  20  February  1962  the  USA  launched  the  space  vehicle  "Friend¬ 
ship-7"  into  an  orbit  around  the  Earth;  the  pilot  of  this  vehicle  was 
John  Glenn.  The  launch  was  carried  out  by  means  of  a  multistage  "Mer¬ 
cury-Atlas-6"  rocket  system.  The  space  vehicle  weighed  about  2  tons 
and  completed  four  [sic]  revolutions  around  the  Earth  and  landed  in 
the  Atlantic  Ocean.  The  vehicle  completed  one  revolution  around  the 
Earth  in  89  minutes,  in  an  orbit  ranging  between  the  altitudes  of  160 
and  256  km. 

The  Soviet  cosmonauts  Yu. A.  Gagarin  and  G.S.  Titov  have  shown  man 
the  way  into  outer  space;  in  the  near  future,  mankind  may  anticipate 
flights  of  space  vehicles  to  the  moon  and  to  the  near-by  planets  of 
the  solar  system. 
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[Footnotes] 


?  nozzle  may  be  made  to  such  dimensions 
that  P q  would  bo  close  to  atmospheric  pressure  at 
great  altitudes. 


The  following  are  the  closest  planets  to  the  earth: 
Venus,  with  an  average  distance  of  108. 1  million  km 
the  sun;  Mars,  227.8  million  km;  and  Mercury, 

57*9  million  km;  the  earth  is  situated  at  an  average 
distance  of  149.5  million  km  from  the  sun.  The  other 

of,  thf  sola?  system  are  777-8  (Jupiter) 
and  5929  million  km  (Pluto)  from  the  sun. 
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[Transliterated  Symbols] 

19 

Gb  - 

p  =  p  _  n 

v  ~  vozdukh  “  air 

19 

Gt 

G  =  G  _  p 

t  tiplivo  fuel  (propellant) 

19 

Trop 

T  =  T  =  T 

gor  goreniye  burning  (combustion) 

19 

T 

conn 

T  =  T  =  T 

sopl  soplo  nozzle 

20 

T  = 
cr 

T  =  T  =  T 

sg  sgoraniye  sombu3tion 

21 

Rya  = 

^ud  Rudel 'naya  “  ^specific 

23 

^p  “  ^poletnyy  “  ^flight 
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Manu¬ 

script 

page 

No.  i 

oh  0  —  g  =  G  =  q 

caM  ”  sam  ~  samolet  ~  aircraft 

^  TaKT  “  Takt  “  Taktivnyy  “  Tactive  (operating) 

^  ■  ^p  "  Gr  Graketa  =  Grocket 
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Chapter  2 


GENERAL  CHARACTERIZATION  OP  TURBOJET  FUELS  AND 
HYDROCARBON  FUELS  FOR  ROCKET  ENGINES 

During  the  Second  World  War,  jet  engines  and  Jet  fuels  underwent 
intensive  development. 

At  that  time,  jet-engine  fuels  differed  essentially  from  rocket- 
engine  fuels,  where  alcohols  and  amines  had  previously  been  used  ex¬ 
clusively. 

Subsequently,  gas-turbine  kerosenes  and  later  kerosenes  developed 
specifically  for  rocket  engines  came  into  use  in  rocket  engineering. 

At  the  present  time,  it  is  difficult  to  draw  a  definitive  boundary 
between  gas-turbine  kerosenes  and  rocket-engine  hydrocarbon  fuels.  The 
latter  differ  from  the  former  in  their  higher  degree  of  purification 
and  more  distinct  fractional  composition,  and  in  certain  cases  Include 
unsaturated  hydrocarbons  or  represent  synthetic  hydrocarbon  products 
of  a  naphthenic  character. 

Let  us  examine  rocket-fuel  specifications. 

1.  Specifications  for  Rocket  Fuels 

As  a  result  of  research  carried  out  over  the  last  few  decades,  a 
series  of  fuels  have  been  developed  on  the  basis  of  direct-distillation 
petroleum  products  and  thermal  and  catalytic  cracking  for  air-breathing 
reaction-thrust  engines.  One  of  the  essential  requirements  made  for 
turbojet  fuels  is  the  possibility  of  producing  them  in  very  large  quan¬ 
tities  to  satisfy  the  demands  of  aviation.  According  to  certain  foreign 
authors  [1],  the  production  of  jet  fuels  during  wartime  may  account  for 
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as  much  as  20  to  25$  of  petroleum  production. 

Prior  to  1957#  less  than  3-4$  of  the  petroleum  extracted  was  proc¬ 
essed  into  Jet  fuel  for  Jet  aircraft  in  the  USA  [2,  4]. 

In  recent  years,  the  following  quantities  of  Jet  fuels  have  been 
produced  in  the  USA  (in  millions  of  tons)  [2,  3]: 


1950  •  •  •  ...  .  1,300.  .  1059 

;W3  ......4,825  1084 

1954  . 5,832 


. 18 

....  .30 


According  to  published  data,  about  23  million  tons  of  Jet  fuels 
were  produced  in  i960  in  the  USA;  of  these,  5  million  tons  were  for 
commercial  Jet  aviation.  By  1964,  the  production  of  Jet  fuels  is  to  be 
increased  to  25-30  million  tons,  including  about  10  million  tons  for 
commercial  aviation. 


Various  types  of  fuels  may  be  used  in  aviation  gas-turbine  en¬ 
gines  -  ranging  from  the  lower  grades  of  gasoline  (mixed  with  other 
distillates)  to  kerosenes,  even  kerosenes  including  part  of  the  frac¬ 
tions  boiling  Just  above  300°. 

Apart  from  that  of  availability  in  large  quantities.  Jet-aviation 
fuels  are  subject  to  a  number  of  other  specifications  touching  upon 
their  operational  characteristics  as  regards  calorific  value,  low- 
temperature  and  anticorrosion  properties,  stability,  and  so  forth. 

Specifications  for  four  types  of  Jet  fuels  -  T-l,  TS-1,  T-2  and 
T-5  -  have  been  published  in  the  Soviet  Union;  these  are  distinguished 
by  the  following  requirements. 

The  T-l  and  TS-1  fuels  represent  ligroin-kerosene  fractions  ob¬ 
tained  by  direct  distillation  of  petroleum.  T-l  fuel  differs  from  TS-1 
fuel  in  having  a  higher  density,  a  heavier  fractional  composition, 
higher  viscosity,  and  lower  sulfur  content. 

T-l  and  TS-1  fuels  are  products  of  direct  distillation  of  petro¬ 
leum;  hence,  they  are  stable  and  can  be  stored  under  warehouse  condl- 
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Pig.  31*  Fractional  composi¬ 
tions  of  various  fuels.  1) 
Kerosene  A;  2)  Diesel  fuel;  3) 
B-70;  4)  T-1S. 


Pig.  32.  Distillation  curves 
of  aviation  fuels.  1)  Percent¬ 
age  distilled;  2)  B-70. 


tions  for  several  years.  Table  3  presents. the  technical  specifications 
for  these  fuels  [5],  The  thermal  stability  of  T-5  fuel  is  determined 
in  the  LSA-1  apparatus  in  1  hour  at  150°,  in  milligrams  of  sediment 
per  100  ml  of  fuel  or  in  a  bomb  during  a  4-hour  test  at  150°. 

The  fractional  compositions  of  the  fuels  are  given  in  Figs.  31 
and  32. 

The  actual  compositions  of  the  jet  fuels  are  listed  in  Table  4 
[6],  which  is  based  on  analysis  of  a  whole  series  of  industrial  con¬ 
signments. 

Unlike  the  direct-distillation  jet  fuels,  fuel  T-4  contains  crack¬ 
ing  products  and  is  therefore  less  stable. 

In  practical  application  of  jet  fuels  in  aviation  and  rocket  en- 
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TABLE  3 

Technical  Specifications  for  T-l,  TS-1,  T-2,  T-4 
and  T-5  Jet  Fuels  [5] 


1  noMurtM 

7  rUoTiiocn.  p4*  .....  . 

8«p*Kmioimuft  coctib: 

TCMncpaiypa  iiaqaaa  nepc- 
roiiKii.iie  Buiue  . .  .  .  . 

9  10%  neperoimeTCH  npii  tew* 
ncpaiypc,  lie  bwiuc  .  .  . 

10  50%  ncpcroimerc*  npH  tcm- 

nepiType,  He  buiuc  .  .  . 

11  00%  neperoimeTCH  npH  ten; 

nepiiype,  lie  buuic  .  *  . 

12  08%  neperoimeTCH  npii  tcm- 

neparype,  hc  owine .  .  . 
13'  ocraTOK  h  norepH  (%),  He 
tionee  . 

14  B*3KocTkKHiieMaTHHecKan, cc/n: 
■  npu  20*,  hc  iKHee  ..... 

15  *  0*.  Hetenee  .36  . 

»— HO®  *  »  . 

s  t— 50®  •  »  ...... 

16Khcjiothoctb  (tu  KOH  Ha 
*  100  ma  ToiuiHsa),  lie  6wiee 

17  TewncpaTypa  ocnuuixH  (onpe- 

flrjIHCTCH  B  SiKpUTOM  THT- 

jic),  lie  HHMce . 

l8Te»mcpaTypa  xa«iMa  xpHCTM- 
awaamiii  (”C),ne  nwiue  .  .  . 
19TeMnepaTypa  noMyTHCHHH 

.  (®C),ne  Buiue  . . . 

20Moahoc  <ihoio  (a  hoah  Ha 
.  100aToiuiHBa),iie6oAce  .  . 
2lG>Aep>KaHiie  apoManmecxiix 
.  yracooflopoAoB  (%),ne  fiwee 
I-.  23jOAepwaiuic  (paxTH'iecxHX 
1 ,  cm 0.1  (mi  Ha  lOOau  toiuihbb), 

23  h®  °<mic€: 

24.  Ha  MecTe  npoHanoacm.  .  . 
25  «•  wecTe  noTpeOfleHim.  .  . 
26  OOuice  coacpixaiiHe  cepn(%), 

hc  Gance  . 

27  B  T0M  HHcne  MepxapTaHO' 
boh, hc  GoJiee  . 

28  CoAepwanne  BOAopocTBopH- 

mux  xiiuioT  h  menoMeil  .  , 

29  TennoTa  cropaHim  HHaiuax 

(kxoa/kc),  He  uettee . 

30  3oflbiiocTb(%),He<5oflee  .  .  . 

3 1  CoflepjKaiiHe  MexaHHHecxHX 

npHMeceft  H  boau  .  .  ... 

32  McnutaHHc  Ha  mcahoA  Mac- 


m  <rocx  TC-i  irocT  |r-»*  irocT  t-i  •  itv  t-s  <rcx 

j  4131—49)  ^ 7140—64)  67^ 


1,800-0,850  He-wAee 
0,775 


Hr  Mciiee  He  tiefice  Hc-udiicc 
0,775  0,755  0,845 

34  34 

He  HMMte  He  hhikc 
00®  55®  105® 


3  6  OrcyTCTByioT 


He  6oaiee  35 
5.0 


36  OTCyTCTByiOT 


10250  10250  '  10250 


36  OTcyrctByiOT  .  3  6  OrcytctByioT 


0,005  0>°°5  0*°°5 


37  BbiAepwHBaioT 


37  Bh!ACp)KHB3K)T 


♦Saturation  vapor  pressure  of  T-2  fuel  at  380  not 
above  100  ram  Hg;  for  T-4,  not  above  150  min  Hg. 
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Key  to  Table  3 

1)  Index;  2)  T-l  (GOST  4138-49);  3)  TS-1  (GOST  7149-54);  4)  T-2*  (GOST 
8410-57);  5)  T-4*  (TU  426-55);  6)  T-5  (GOST  9145-59);  7)  density  p|°; 

8)  fractional  composition:  initial  distillation  temperature,  not  above; 

9)  10$  distilled  at  temperature  not  above;  10)  50$  distilled  at  tem¬ 
perature  not  above;  11)  90$  distilled  at  temperature  not  above;  12) 

98$  distilled  at  temperature  not  above;  13)  residue  and  losses  ($), 
not  above;  14)  kinematic  viscosity,  centistokes;  15)  at  20°,  not  below; 
16)  acid  number  (mg  of  KOH  per  100  ml  of  fuel),  not  above;  17)  flash 
point  (determined  in  sealed  crucible),  not  below;  18)  initial  tempera¬ 
ture  of  crystallization  (°C),  not  above;  19)  clouding  temperature 
(°C),  not  above;  20)  iodine  number  (g  of  iodine  per  100  g  of  fuel), 

not  above;  21)  content  of  aromatic  hydrocarbons  ($),  not  above;  22) 
actual  resin  content  (mg  per  100  ml  of  fuel);  23)  not  above;  24)  at 
point  of  production;  25)  at  point  of  use;  26)  total  sulfur  content  ($), 
not  above;  27)  including  mercaptan  sulfur  content,  not  above;  28)  con¬ 
tent  of  water-soluble  acids  and  alkalis;  29)  lower-limit  heat  of  com¬ 
bustion  (kcal/kg),  no  less  than;  30)  ash  content  ($) ,  not  above;  31) 
mechanical-impurity  and  water  content;  32)  copper-plate  test;  33)  no 
less  than;  34)  not  below;  35)  no  more  than;  36)  none;  37)  passed. 
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TABLE  4 


Factual  Compositions  of  Jet  Fuels 


'  -1  '  nOKiMTOM 


r  T-' 
krocT  iix-40) 


TC-t 
OCT  7Ut— M) 


5  T.f 
(TOCTMIWT) 


5  T-4 

(ty  ug-js) 


9 

10 

11 

12 

\l 

15 

16 

17 

18 


llAOTIIOCTb  p  “  .  1 

<J>p3Kn iioiniuft  coctio:  . 
TCMneparypa  iiataaa  .ncpcrowcx 
10%  nepcronacTca  npw  TCMOcpa 
type 

50%  ncpcroxxcTCX  npx  Tcuncpa* 
Type  ....  .  .*.  , 

90%  neperoiixcTca  npx  Tcuncpa 
Type  . ; .  .  «  .  J  .  . i  •  . . •  , 
98%  neperox^erex  ppH  jexnppa 

Type  «  i  |  i  »|  r  i  • 

ocraroK  h  noTepx,  %  (.  ..  '. 
BaaxocTb  xxxcMaTxxeckax,  can:  , 
npn  20*  .  j  . 

a  0*  .  i  .  .  •  j.  .  • 

*  '»  —  40*  .  .  J  .....  . 

KmyioTiiocTk,  m  KOH  xa .  100  ju 
Tonatma  .  .  • .  . 

TcMnepaiypa  acnuuiKH,  onpeAenxe 
!  «aa  a  saxphiTOM  Txrae  ,  i  .' . 
TeMnepatypa  naiana  xpxcTMAxai- 

UMII  ' . 


•  » 

•  f  1  • 


19  TeMnepatypa  noMyTHCHHa 

20  Hoaiioc  *uicno,  z  Hoaa  xa  100  a  ton 

axoa  .  .  .  .  .  ,  .  ,  .  ,  . 

27  CoAcpxcaxne  ipaKTimecKxx  cmoa,  mi 
xa  100  ma  TonAHBa: 

22  xa  Mecre  npoxaBOAcraa  . .  .  . 

23  xa  Mccre  noTpcfiflertxa  ...  ;  . . 

24  CoAepwanxe  apoMaTxxtcxxx  yrne- 

BOAOpOAOB,  % . 

25  Oflmee  coAepwaxiie  cepu,  %  .  ... 

26  b  tom  Mxcne  MepxanTaxoBoA  cepu 

27  HcnuTaxxe  xa  mcaxoA  onacTHHxe  .  . 

28  Tennota  cropaxxa  xxauiaa,  kkoaIkz 


(0,800-0,823 

,122—141* 

I 

155--102* 

187-201*. 

228—250* 

i  . 

257-280* 
1,5— 2,0 

i 

1,70-1-1,91., 

2,67—2,94. 

5,0—16,3 

6;i9-i-b,57 

;  '29-30* 


1-450*  x  hxjkc 

31*1 

1—45  X  KHMC 
-50* 

0,5-2,40 


|0, 773-0,789 

122-140* 

141-153* 

164-177* 

205-220* 

223—240* 

1, 5-2,0 

l,15—li,59 

1,70-1,04 

4,63-5,06 

0,06-0,29' 

27-33*'' 

|— 60*  x  mhxcc 

31 

31- 

0,87-2,6 


0,8-7, 8 


Oicau  +  8,8  CneAU  +  2,4 Cacau  +  4,0 


10-25 
0,02-0,09 

3  Sbienw  + 

+0,006 

33  BuAepxtxnaioT 


0, 758-0, 770|0, 769-0, 784 


58-74* 

116-123* 

169-174* 

212-220* 

‘  '  /  ' 

230-254|* 
1, 5—2,0 

1,05-1,40 

1,40-1,57 

3,12-3,98 

0, 07-4);  49 

•  1  l 

OT  —16*  AO 

-26*  i 
—57*  x  xxxce 

31 


0,17—3,6 

•  t 


32  ■ 

13,8-19,4 

0,09-0,14 

[0,005—0,014 


32 

12,0-23,4 

0,05-0,19 

0,001-0,01 


78-95* 

120+131* 

162-173* 

218-228*  • 

233-253* 

1, 5-2,0 

1,06-1,28 

1,26-1,84 

3,06-4,39 

6, ’3+0, 9, 

OT  r— 12*  AO 
+1* 

1—55*  x  xxxce 

31 


1,6-15 


32 

19,6-27,8 

0,04-0,30 

[0,004-0,013 


29  SoJIbXOCTb,  % 

30 


ynpvrocTb  xacumcHHUx  napoB  npx 
38  ,  mm  pt.  ct.  , , 


10250— 

10315 

0-0,0004 


30-40 


10350— 
10300 
0+  u^ou 

35-38 


33  BuAepxcxBawT 
10200— 

10380 
0-0,0014 

80-190 


10  275- 
10370 
0-0,002 

80-175 


1)  Index;  2)  T-l  (GOST  4138-49);  3)  TS-1  (GOST  7149-54);  4)  T-2  (GOST 
8410-57);  5)  T-4  (TU  426-55);  6)  density  p^°;  7)  fractional  composi¬ 
tion;  8)  initial  temperature  of  distillation;  9)  10$  distilled  at  tem¬ 
perature  of;  10)  50$  distilled  at  temperature  of;  11)  90$  distilled  at 
temperature  of;  12)  98$  distilled  at  temperature  of;  13)  residue  and 
losses,  $;  14)  kinematic  viscosity,  centistokes;  15)  at  20°;  16)  acid 
number,  mg  of  KOH  per  100  ml  of  fuel;  17)  flash  point  determined  in 
sealed  crucible;  18)  initial  temperature  of  crystallization;  19)  cloud¬ 
ing  temperature;  20)  iodine  number,  g  of  iodine  per  100  g  of  fuel;  21) 
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factual  resin  content,  mg  per  100  ml  of  fuel;  22)  at  point  of  produc¬ 
tion,  23)  at  point  of  use;  24)  aromatic -hydrocarbon  content,  25) 
total  sulfur  content,  26)  including  mercaptan  sulfur  content;  27) 
copper-plate  test;  28)  lower-limit  heat  of  combustion,  kcal/kg;  29) 
ash  content,  #;  30)  saturation  vapor  pressure  at  380,  mm  Pig;  31)  and 
below;  32)  traces  to;  33)  passed;  34)  0  to  traces. 


TABLE  5 

Density  Variation  of  Jet  Fuels  in  Temperature 
Range  from  -40  to  +200°  [5] 


TABLE  6 

Viscosity  Variation  of  Jet  Fuels  in 
Temperature  Range  from  -50  to  +150° 


1  TcMnepi* 

2  BMKOCTk,  tern 

»yp*.  *c 

T-l 

3  TC  I 

T-2 

T-4 

—50 

14,03 

7,02  . 

4,76 

5,11 

-40 

8,50 

5,15 

4,41 

3,76 

-20 

4,13 

2,82 

2,13 

2,14 

0  ' 

2,47 

1,82 

1,47 

1,53 

+20 

1,63 

1,27 

1,13 

1,08 

+40 

1,21 

0,00 

0,80 

0,06. 

+60 

0,02 

0,81 

0,73 

0,81 

+80  ' 

0,75 

0,60 

+100 

0,64 

0,56  1 

+120 

0,54 

0,49 

. — ' 

+140 

0,46 

0,43 

+150 

0,45 

0,42 

— 

— 

1)  Temperature,  °C;  2)  viscosity,  cen- 
tistokes;  3)  TS-1. 
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gines,  a  factor  of  great  importance  is  the  variation  in  the  fuel's 
properties  over  a  wide  temperature  range;  this  may  be  associated  with 
the  use  of  the  fuels  under  summer  or  winter  conditions,  or  with  heat¬ 
ing  of  the  fuel  in  the  engines  under  operational  conditions. 

Values  indicating  the  density  changes  of  the  fuels  in  the  tempera¬ 
ture  range  from  -40  to  +200°  are  listed  in  Table  5. 

The  viscosity  changes  of  jet  fuels  in  the  temperature  range  from 
~50  to  +150°  are  listed  in  Table  6. 

The  ranges  of  variation  of  the  elementary  fuel  compositions  are 
presented  below: 

Fuel  Content,  $ 

J  •  c  •  h 

T*1 .  .  .  86,02-86 ,64  13,38-13,68 

T-a.  .  .85,5-85,72  14,22-1^,34 
•  TC“1,  /,  85,75  14,05  .  » 

T-4  ...  .85,34— 85,88  14,06—14,33.' 

The  moisture  content  of  the  fuels  listed  above  lies  between  0.012 
and  0.005$. 

The  contents  by  weight  of  nitrogen,  oxygen  and  sulfur  compounds 
in  TS-1  fuel  are  of  the  following  order  (in  $): 


Sulfur  compounds .  1.13 

Oxygen  compounds .  0.17 

Nitrogen  compounds .  0.03 


These  data  were  computed  from  an  actual  sulfur  content  of  0.25$, 
the  content  of  the  other  (0  and  N)  compounds,  and  an  average  molecular 
weight  of  148. 

Several  specifications  for  jet  fuels  have  appeared  in  the  USA  in 
recent  years  [2-7];  see  Tables  7  and  8. 

JP-1  fuel  (which  also  carries  the  codes  MIL-F-5616  and  AN-F-32) 
is  a  narrow  kerosene  fraction.  According  to  certain  as  yet  inadequately 
confirmed  reports,  JP-1  fuel  is  no  longer  used  in  the  Air  Force,  but 
may  be  regarded  as  a  high-quality  fuel  for  commercial  jet  aircraft. 
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TABLE  7 


Technical  Specifications  for  Turbojet  Fuels  used 
Abroad  (USA,  England,  France) 


1  nOKM*TC*N 

JP-1 

JP-2 

JP-3 

DERD-2412 

CP-Ill 

JP-4 

JP-I 

2  CoACpWAII‘10  jpOMSTUMCCKIIX 
VMCnOAOpOAOB  (oCvtWH. 

% ).  tic  <fcwice . 

20 

20 

25 

20 

20 

20 

25 

3  lipOMIIOC  'IIICAO  lie  60JICC 

3,0 

3,0 

30,0 

— 

— 

— 

0 

4  Ccpa  (ncc.  *# ),  lie  tioAce  .  . 

0,20 

0,20 

0,50 

0,20. 

0,1 

0,4 

0,4 

5  ftioTiiocTk  npii  15,5*, lie  ficuice 

0,85 

0,85 

0,725- 

He  orpaHH- 

0,82 

0,746 

0,70-0,83 

6  TcMncpaiypa  laMOpjamiH 
(T.),  ne  buiiic . 

—60 

-60 

0,801 

-60 

HHBieTCA 

20 

-40 

-0,825 

-60 

-40 

7  CoAcpwaHiic  McpxanTAHoiioft 

0,005 

cepu  (%),  MCfiOACC  .  .  .  . 

— 

— 

0,005 

—  ® 

— 

— 

8  TcMncparyp*  ncnuuiKii  (*C), 
lie  iiiokc . 

43 

38 

43 

38 

9  ynpyroai.  napa  npii  38®, 
kI'/cm*  (mm  pT,  a.)  .  .  .  . 

_ 

0,14- 

0,21 

0,35- 

0,49 

• 

130-160 

55 

10  OpaKuKoiiiiuii  eocTan: 

11  Ha<iaao  KHncium . 

— 

65,5® 

70* 

— 

-  , 

65* 

210® 

12  10%  BhiKimaeT  ao 

210® 

— 

— 

— 

210® 

121* 

mtm 

20 .  >  » 

— 

l  — 

— 

200® 

— 

— 

— * 

30  *  »  » 

254® 

' 

204® 

— 

254® 

.  — 

— 

13  KOIICU  KKnCIlim . 

300® 

260® 

315® 

300® 

— 

288® 

295* 

14  OcTaTOK  npii  iicnapcHHH  b 

nosAymnoii  ctpye, 

Mil  1 00  ma . 

5,0 

5,0 

10,0 

6,0 

— 

15  Cmoam  (xa/100  ma)  lie  fonee 

8,0 

8,0 

20,0 

— 

— 

— 

— 

16  Kopposim . 

Her 

.  Hct 

HeT  ! 

>1  - 

_  ■ 

— 

— 

17  n»3K0CTb  npii  —40®,  ccm  .  . 

10 

10 

10 

6,0 

10 

— 

10 

l8  TcnaoTnopiian  cnocofiiiocTb 

10220 

10160 

(kkoa/ki)  ne  Mciice  .... 

10170 

10220 

10212 

10156 

— 

19  CoAcpwaiwc  aiiTHOKiicjutTfAH, 

24 

24 

Mi/A . 

" ' “ 

l)  Index;  2)  aromatic -hydrocarbon  content  (#  by  volume),  not  above;  3) 
bromine  number,  not  above;  4)  sulfur  (#  by  weight),  not  above;  5)  den¬ 
sity  at  15-5°>  not  above;  6)  solidification  point  (°C),  not  above;  7) 
content  of  mercaptan  sulfur  (#) ,  not  above;  8)  flash  point  (°C),  not 
below;  9)  vapor  pressure  at  38  ,  kgf/cm  (mm  Hg);  10)  fractional  com¬ 
position;  11)  initial  boiling;  12)  10#  distilled  below;  13)  end  of 
boiling;  l4)  residue  on  evaporation  in  air  jet,  mg/100  ml;  15)  resins 
(ing/100  ml),  not  above;  16)  corrosion;  17)  viscosity  at  -40°,  centi- 
stokes;  18)  calorific  value  (kcal/kg),  not  less  than;  19)  antioxidant 
content,  mg/liter;  20)  not  restricted;  21)  none. 


According  to  the  same  sources,  JP-2  fuel  (AN-F-34)  was  only  an  experi¬ 
mental  fuel  and  was  not  accepted  for  further  use.  JP-3  fuel  (MIL-F-5624 
and  AN-F-58),  which  has  a  broadened  fractional  composition  with  a  vapor 
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TABLE  8 


Actual  Characteristics  of  VRD*  Fuels  [7-8] 


f  *  ■  ••  rr-r  " 

•  ,  '  1  nOMUTWk  | 

jp-i 

:jp-j 

JP-1 

.  ,i  I 

.  JP-4 

JP-S  . 

C  iMOTHOCTh  i  npH  15,5  .  . . 

'  0,814 

1 

0,704 

,315 

0,792 

3G8 

*„  0,764 
134-160 

0,83 

551 

,  3  ynpyrocn  napoa  npn  38*,j«  pr.-cT. 

4  4>p*kuhohiiuA  coeran:  j 

5  10%  auxnnacT ao  .  . 

174* 

-73* 

06* 

84-102* 

185* 

50*  •  »  .  .  .  . 

90*  » 

j  m*. 

156* 

173* 

142—147* 

*  •  — 

■  225* 

"224* 

240* 

209-227*- 

273*  (x.  x.) 

6  TeiuioraopHii)  cnocoOHOcn,  kiuaIiu 

'10300' 

10  390 

10270 

'  io  400 

10370 

•  J Octjtok  npii'iicnaptHHn  d  MuyuiHoA 
CTpye  npu  204*,  Mi  hi  100  ma  toijjihb* 

'•  1,4 

1,7 

1,2 

1,7 

» 

8  CoAepwamie  ccpu.  %  .  .  ...... 

0,079 

0,085 

0,35 

0,074-0,119 

0,20 

9  CoAcpyaHHC  MppKinTaHOBoA  ccpu,  % 

0,0009 

0,0008 

O.Q05 

0,0017 

t 

10  BpoMiioe  MHCJia .  .  .  * . .  .  . 

0,95 

2,59 

7.3 

1,4 

— 

11  Tcunepcrypa  BcnumxM,  *C .  .  .  .  .  . 

48  ' 

-23 

3,36 

-13.8 

2,51 

38 

6  (npn  0*) 

12  BMKOCTfc  npn  —40*,  eon  . 

2,29 

2,91 

13  AmWUUOBMTOMKa,  *C . 

5C 

57 

41 

58 

-  — 

14  CoAfpxcaiiHe  apoMamecxHX  yraeaojo* 

POAOB,  oOmmh.  %  . . 

14,3 

11,3 

25 

10-12 

20 

15  TeuncpaTypa  aaucpsaHHx,  *C .  .  .  ■  .  . 

-60 

-00 

-60 

-60 

-40 

16  PaCTDOpHMOCTk  HWII  >  T0IUIHM, 
oOmmh.  % . 

1  | 

— 

— 

— 

14 

[*Air -Breathing  Reaction-Thrust-Engine.  ] 

1)  Index;  2)  density  at  15*5°;  3)  vapor  pressure 
at  38°,  mm  Hg;  4)  fractional  composition;  5)  10# 
distills  below;  6)  calorific  value,  kcal/kg;  7) 
residue  from  evaporation  in  air  jet  at  204°,  mg 
per  100  ml  of  fuel;  8)  sulfur  content,  #;  9)  mer¬ 
captan-sulfur  content,  #;  10)  bromine  number;  11) 
flash  point,  °C;  12)  viscosity  at  -40°,  centi- 
stokes;  13)  aniline  point,  °C;  14)  aromatic-hydro¬ 
carbon  content,  #  by  volume;  15)  solidification 
point,  °C;  16)  solubility  of  air.  in  fuel,  #  by 
volume;  17)  [end  of  boiling];  18)  at  0°. 


pressure  of  267-374  mm  Hg  is  in  extensive  use,  but  the  high  vapor  pres¬ 
sure  makes  use  of  this  fuel  difficult  at  the  low  pressures  prevailing 
at  high  altitudes.  JP-4  fuel,  which  has  a  vapor  pressure  of  107-160 
mm  Hg  is  not  host  to  this  shortcoming.  It  is  based  on  direct-distilla¬ 
tion  products  and  products  of  thermal  and  catalytic  cracking.  JP-5 
fuel  (MIL-F-5624B)  is  produced  on  the  same  basis.  It  can  also  be  pro- 
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duced  by  hydrolytic  cracking.  The  initial  temperature  of  crystalliza¬ 
tion  for  JP-5  fuel  has  been  raised  to  -40°,  and  its  fractional  composi¬ 
tion  is  heavier  than  the  other  fuels.  JP-1,  JP-4  and  JP-5  fuels  are 
less  of  a  fire  hazard  than  JP-2  and  JP-3  fuels  and  aviation  gasoline. 

MIL-F-5572  or  AN-F-48  aviation  gasolines  are  used  as  starting 
fuels. 

Let  us  examine  the  specifications  for  fuels  for  air-breathing 
reaction  engines  (Table  7)  and  the  actual  operational  characteristics 
of  these  fuels  (Table  8)  [2-7]. 

Fuels  of  broad  fractional  composition  may  be  used  for  aircraft 
equipped  with  turboprop  engines. 

JP-4  fuel  is  recommended  for  supersonic  aviation  at  flight  speeds 
up  to  1800  km/hr;  as  a  heavier  fuel,  JP-5  is  recommended  for  velocities 
up  to  3600  km/hr;  here,  part  of  the  fuel  may  be  fed  to  the  engine  in 
vaporized  form  due  to  the  appreciable  heating  of  the  aircraft  and  its 
tanks  from  friction  with  the  air. 

Other  aviation  fuels  have  been  reported  [8a].  JP-6  fuel  has  a 
boiling  range  from  120  to  290°,  a  density  of  O.78  to  0.84,  a  solidifi¬ 
cation  point  of  —51°;  RJ-1  fuel  has  a  boiling  range  from  200  to  320°, 
a  density  of  0.84  to  0.86,  a  solidification  point  of  -40°  and  a  flash 
point  of  +88°;  RP-1  fuel  boils  in  the  range  from  195  to  275°,  and  has 
a  density  of  0.80  to  0.82,  a  solidification  point  of  -40°,  and  a  flash 
point  of  +43°. 

JP-6,  RJ-1  and  RP-1  fuels  are  thermally  stable  kerosenes  that 
have  been  specially  purified.  JP-6  is  recommended  for  flight  speeds 
from  1800  to  2400  km/hr,  RJ-1  (heavy  kerosene)  for  ramjet  aircraft  and 
speeds  of  2400-3600  km/hr ;  RP-1  is  a  fuel  with  a  low  aromatic -hydro¬ 
carbon  content  and  high  completeness  of  combustion. 

All  new  supersonic-aviation  fuels  are  distinguished  by  higher 
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solidification  points,  heavier  fractional  compositions,  and  high  chem¬ 
ical  stability. 

In  1959,  322  thousand  tons  of  fuels  were  used  for  supersonic  avia¬ 
tion  in  the  USA;  this  corresponds  to  2.3#  of  the  annual  jet-fuel  con¬ 
sumption. 

A  characterization  of  supersonic  aviation  fuels  is  presented  in 
Table  9. 


TABLE  9 

Characterization  of  Fuels  for  Supersonic  Aviation 
[9] 


Toujimo 

1 

njOTIIOCTh 

Itpn  14,6* 

2 

npMCJU  IU- 
RNRMM,  *C 

3 

TcMncparyiM 

KftUWKN,  *C 

4 ' 

TcMtiepa* 
Typft  m* 
MCPUMMN, 

5'c 

Hnsiurr  Ten- 

JIOTBOplIAR* 

enoeoOiioprk, 
6  Q» 

OlJKOCTk,  f cm 

1- 

JP-5 

0,788—0,845 

•  176-288  ' 

*  • 

GO 

-48 

10168 

16,5  (— 34‘) 

.JP-G 

0,78—0,84 

121-288 

’  — 

-53 

• 

JP-X 

0,876-0, 07G 

230-283 

— 

-60 

RS-1 

0,842-0,863 

•204-315 

88 

-40 

RS-1* 

0,802-0,876 

103-274 

43 

-40 

1,25-3,18 

^Purified  highly  stable  direct-distilled  kerosene, 
Qn  =  10,312  kcal/kg. 

1)  Fuel;  2)  density  at  15*5°;  3)  boiling  range,  °C; 
4)  flash  point,  °Cj  5)  solidification  point,  °C; 

6)  lower-limit  calorific  value,  QN;  7)  viscosity, 

centistokes. 


The  fractional  compositions  of  the  fuels  are  presented  in  Fig.  33* 

» 

When  cracking  products  are  used,  the  yield  of  broad-fraction  jet  fuel 
may  reach  50-55#  of  the  petroleum  processed  (Fig.  34). 

On  the  other  hand,  the  yield  of  jet  fuel  from  petroleum  is  lim¬ 
ited  by  the  solidification  point  and  the  admissible  boiling  range.  The 
higher  the  solidification  temperature  tolerated,  the  higher  the  ter¬ 
minal  boiling  point  of  the  fuel  that  can  be  used  and,  consequently, 
the  higher  the  yield. 

This  is  illustrated  by  the  data  of  Table  10,  which  apply  to  petro- 
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Fig.  33-  Fractional  composi¬ 
tion  of  certain  jet  fuels.  1) 
Boiling  point,  °C;  2)  yield, 
3}  AN-F-48  (starting  gaso¬ 
line). 


fuels  from  petroleum  as  a  func¬ 
tion  of  fractional  composition 
of  fuel.  1)  JP-1  fuel;  2)  JB-2 
fuel;  3)  JP-3  fuel  produced  by 
direct  distillation;  4)  JP-3 
fuel  produced  by  direct  distil¬ 
lation  and  cracking.  A)  Yield 
referred  to  petroleum,  $. 
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TABLE  10 

S2HdFication  Point  and  Yield 
of  Jet  Fuel  from  Middle  Eastern 
Petroleums 


1  T— im  Tt»»f|»ryrn  Sum 

♦■S-.-m- .  _»  a 

6  Tomiioo  uiitpoKoro  ^puuHoiuioro  ~*°  10 

C0CTIM .  /  — W  .so 

\-C0  35 

oc*P^f1^f]^80lldlflcatlon  P°int, 

,9;  3'  yJfld  on  Petroleum,  £  by 
weight;  4)  kerosene -type  fuel; 

5)  same;  6)  fuel  with  broad  frac¬ 
tional  composition. 

leums  from  the  Middle  East. 

The  majority  of  Jet  fuele  for  aviation  are  subject  to  the  require, 
ment  that  the  solidification  point  be  no  higher  than  -60°.  However 
experience  in  the  use  of  the  fuels  indicates  that  at  an  altitude  of  10 
•  to  12  to,  where  the  ambient  temperature  Is  about  -55°,  the  temperature 

of  the  fuel  in  the  tanks  and  pipelines  does  not  drop  below  -30°  m 
flight  at  600-770  km/hr. 

^..Hydrocarbon  Combustlhles  for  Rocket 

After  the  Second  World  War,  as  a  result  of  extensive  research 
hydrocarbon  combustibles  were  placed  at  the  disposal  of  rocket  engl 
neering.  trior  to  1950,  alcohols  were  used  as  fuels  for  oxygen-based 
propellants  and  amines  as  fuels  for  nitric-acid  propellants. 

Thus,  in  1952,  the  USA's  "Hike"  antiaircraft  rocket  used  as  the 
luel  for  Its  nltrlc-acfd  propellant  JP-3  broad-fraction  aviation  kero¬ 
sene,  which  was  subsequently  replaced  by  JP-4  aviation  kerosene. 

In  the  USA's  intermedia te -range  ballistic  missile  "Thor"  and  the 
intercontinental  "Atlas"  missile  (USA),  RP-i  rocket  kerosene  is  used 
as  the  fuel  in  combination  with  oxygen  [10,  11] 
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Subsequently,  a  fuel  based  on  pyrolysis  products  and  known  as 
"HF-D"  was  proposed  in  the  USA  for  engines  operating  on  nitric  acid 
with  nitrogen  oxides.  It  has  the  following  composition: 


Initial  boiling  temperature .  122° 

Temperature  at  50#  distilled .  165° 

End  of  boiling .  220° 

Density .  0.9^ 

Solidification  point . -73 

Viscosity  at  21° .  1.71**  cst 


This  fuel  possesses  a  higher  chemical  activity  with  respect  to 
nitric  acid  than  do  the  JP-3  and  JP-4  kerosenes. 

A  fuel  produced  from  coal-tar  resin  and  containing  dibasic  phe- 

nols  has  high  chemical  activity. 

RP-1  kerosene,  which  is  widely  used  in  American  liquid-engine 
rockets  as  a  fuel  paired  with  oxygen,  is  a  special  kerosene  with  an 
elevated  content  of  cyclic  hydrocarbons  and  a  reduced  content  of  paraf 
flnic  hydrocarbons.  Research  has  shown  that  cyclic  hydrocarbons  pos¬ 
sess  higher  thermal  stability  and  produce  smaller  amounts  of  deposits 
than  do  the  paraffinic  hydrocarbons  when  the  fuel  is  used  to  cool  the 
engine.  When  RP-1  kerosene  was  produced  in  small  quantities,  its  prop¬ 
erties  were  sufficiently  stable  from  batch  to  batch,  but  when  produc¬ 
tion  was  expanded,  the  physical  and  chemical  properties  of  this  fuel 
began  to  vary  from  batch  to  batch  over  a  very  wide  range.  RP-l's  in¬ 
creased  content  of  straight-chain  hydrocarbons,  which  possess  lower 
thermal  stability  than  cyclic  hydrocarbons,  results  in  an  increased 
tendency  of  RP-1  kerosene  to  undergo  coking  and,  consequently,  a  de¬ 
terioration  in  its  cooling  properties. 

The  specific  gravity  of  RP-1  kerosene  at  15°  may  vary  in  the 
range  from  0.801  to  O.875,  while  it  lies  between  0.800  and  0.785  at 
38° the  maximum  viscosity  at  38°  is  3.185  centistokes,  while  the  min- 


TABLE  11 

Average  Values  of  Isothermal-Compres¬ 
sibility  Coefficient  of  RP-1  Kerosene 

at  Pressures  below  500  lcgf/cm2 


’  1  K0*H*HU*UT  KJOrtpKUHCCKOl'  CMNNtMOCTM.  0*10*  Ml** 


•  0* 

JO* 

7i* 

.  ISO* 

US* 

300* 

33 

60,8 

74,8 

110,8 

167,5 

264 

54.2 

61,6 

76,5 

114 

173,5 

276 

54,8 

62,9 

•  77,9 

117 

178 

287. 

55,2 

63,4 

79,5 

120 

184 

298 

55, 6 

64,5 

81 

123 

189,5 

310 

1)  Isothermal-compressibility  coeffi¬ 
cient,  0-10^  atm-1. 

lmum  Is  1.250  centistokes. 

In  addition  to  their  general  physicochemical  properties,  such 
properties  as  compressibility  are  of  great  importance  for  rocket  kero¬ 
senes.  The  compressibility  and  thermal  expansion  of  kerosene  specimens 
from  different  petroleums  differ  by  more  than  3<#  at  high  temperatures 
for  a  given  molecular  weight. 

RP-1  kerosene  is  used  in  the  engine  as  a  coolant  in  cases  of  re¬ 
generative  cooling.  It  is  heated  on  passage  through  the  engine  jacket, 
but  its  maximum  temperature  never  exceeds  300°. 

The  isothermal-compressibility  coefficient  of  RP-1  kerosene  is 
given  in  Table  11. 

The  wide  variation  of  the  density  of  RP-1  kerosene  complicates 
the  process  of  fueling  the  rockets,  regulating  the  engines,  and  so 
forth. 

As  a  result,  research  was  carried  out  to  find  synthetic  fuels 
that  would  have  characteristics  more  stable  than  those  of  RP-1  kero¬ 
sene,  but  properties  closely  similar  to  those  of  RP-1. 

The  investigations  carried  out  indicated  that  the  following  cyclic 
hydrocarbons  may  be  used  as  substitutes  for  RP-1  kerosene: 


r 


TABLE  12 

Properties  of  Certain  Naphthenes 
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,  bH  • 

H,C  Jh, 

;  ^ 

7  1 ,3*ilHJTHflUHKflOr«KClH 

•  *  .  t  *  1 

1 

0,7086  ‘ 

173,5' 
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!*  . 
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8M*flH»THJmHKAOr«KCaH 
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1497,1 
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H,C^  ^dH  ^H, 
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..  ..NbH,^V 
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1)  Hydrocarbon;  2)  density  p^°;  3)  boiling  point, 

°C;  4)  heat  of  combustion,  kcal/mole;  5)  formula; 
6)  1, 2-diethylcyclohexane;  7)  1,3-diethylcyclo- 
hexane;  8)  1, 4-die thylcyclohexane;  9)  decalin 
(trans). 
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yCHlv  yCH|\.  /CHv 

H,C  CH  CH,*  HjC  CH— C,H,  H,< 
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diethylcyclohexanes 


-  93  - 


Diethylcyclohexane,  which  is  the  cheapest  and  simplest  to  produce, 
shows  great  promise.  At  the  present  time,  the  rate  of  its  production 
in  the  USA  is  two  to  three  times  the  quantity  necessary  to  service  the 
development  program  for  long-range  ballistic  rockets. 

The  production  of  diethyl cyclohexane  may  be  set  up  on  the  basis 

of  styrene  production. 

An  intermediate  product  in  the  production  of  styrene  is  ethylben¬ 
zene,  which  is  obtained  by  alkylation  of  benzene  with  ethylene.  To¬ 
gether  with  the  ethylbenzene,  10  to  150  of  diethylbenzene  is  produced 


as  a  byproduct: 


C.H.  +  C.H* 


's‘C,Ht(C,Hl)i 


Subsequently,  the  ethylbenzene  is  converted  into  styrene  by  dehy¬ 
dration  of  the  side  chain. 

In  view  of  the  fact  that  styrene  production  in  the  USA  in  i960 
was  over  600,000  tons,  60,000  to  90,000  tons  of  the  diethylbenzene  by¬ 
product  may  be  produced. 

Diethylcyclohexane  is  produced  by  hydration  of  diethylbenzene. 

Die  thy Icy c 1 ohexane  is  a  colorless  liquid  having  the  empirical 
formula  C10H20.  The  molecular  weight  of  diethylcyclohexane  is  140,  its 
density  corresponds  to  that  of  RP-1  kerosene  (0.80  to  0.8l),  its  heat 
of  combustion  is  10,328  kcal/kg  and  somewhat  higher  than  that  of  RP-1 
kerosene;  its  solidification  temperature  is  below  -80°,  its  flash 
point  is  +47°;  diethylcyclohexane  cokes  to  a  lesser  degree  than  does 
RP-1  kerosene  (Table  12). 

A  mixture  of  polycyclic  naphthenes  produced  by  hydrogenation  of 
aromatic  hydrocarbons  is  also  recommended  for  rocket  engines.  The  poly¬ 
cyclic  naphthenes  have  the  following  properties: 

.  O.87-O.890 
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Specific  gravity 


Boiling- temperature  range .  201-275° 

Solidification  point . . -60° 

Calorific  value .  10,200  kcal/kg 

3.  Pumpablllty  of  Fuels 


The  solidification  and  clouding  temperatures  of  fuels  determine 
the  possibility  of  using  them  at  high  altitudes.  Solidification  of 
fuel  begins  with  precipitation  of  crystals  of  the  hydrocarbons  having 
the  highest  melting  points,  as  well  as  precipitation  of  ice  on  freez¬ 
ing  of  the  dissolved  water.  The  rest  of  the  hydrocarbons  solidify  as 
the  temperature  is  depressed  still  further.  The  crystals  that  have 
formed  clog  the  fuel  filters,  so  that  fuel  feed  may  be  reduced  or  may 
cease  altogether  even  before  the  basic  mass  of  the  fuel  has  frozen  [10]. 

Irrespective  of  the  time,  of  year,  the  ambient  temperature  at  al¬ 
titudes  above  10  km  reaches  -55°*  However,  it  must  be  remembered  that 
at  high  flight  speeds  of  the  aircraft  (of  the  order  of  950-1000  km/hr), 
air  friction  raises  the  skin  temperature  and  the  temperature  inside 
the  aircraft  by  no  less  than  30-35°-  At  speeds  of  the  order  of  1300 
len/hr,  this  increase  rises  as  high  as  60°  above  the  ambient-air  tem¬ 
perature  (-55°).  In  this  connection,  certain  foreign  specialists  have 
expressed  the  opinion  that  the  solidification  temperature  of  fuels  may 
be  raised  henceforth  to  -45°.  In  this  case,  the  yield  of  Jet  fuel  from 
the  petroleum  could  be  increased  considerably.  As  the  flight  speed  is 
further  Increased  to  2000-2500  km/hr,  heating  of  the  aircraft  becomes 
such  a  problem  that  it  must  be  countered  by  means  of  special  measures, 
including  the  use  of  special  cooling  techniques  and  heavy  fuels  with 
very  low  vapor  pressures. 

High  vapor  pressure  in  a  fuel  influences  its  delivery  from  the 
tanks  to  the  engine  when  pump  sets  are  used,  since  vapor  locks  may 
form  at  depressed  pressures,  and  this  interferes  with  fuel  feed.  The 
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tendency  of  the  fuel  to  form  vapor  locks  may  be  characterized  by  the 
ratio  of  vapor-  to  liquid-phase  volumes  at  a  specified  pressure:  v/L. 

Figure  35  shows  the  ratio  of  v  to  L  as  a  function  of  flight  alti¬ 
tude  for  fuels  of  the  aviation-kerosene  and  aviation-gasoline  types. 
For  a  given  pump-feed  system,  the  critical  ratio  v/L  is  2.  At  this 
point,  vapor  locks  form  in  the  fuel-feed  system  and  normal  operation 
of  the  system  is  disturbed.  For  gasoline,  this  ratio  is  reached  at  an 
altitude  of  4570  m  and  for  kerosene  at  an  altitude  of  16,750  m  at  a 
fuel  temperature  of  +38°  [10]. 

In  the  wide-fraction  fuels  JP-2  and  JP-4  (initial  boiling  60°  and 
terminal  boiling  280°),  reliable  operation  of  the  fuel-feed  system  is 
ensured  up  to  an  altitude  of  10-12  km. 
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Fig.  35.  Ratio  of  volumes  of 
vapor  and  liquid  phases  for 
fuels  of  gasoline  and  kerosene 
types,  l)  Altitude,  meters. 


Figure  36  shows  the  variation  of  pump-set  output  for  kerosene- 
and  gasoline-type  fuels  as  a  function  of  the  external  pressure.  Secur¬ 
ing  a  gasoline -feed  rate  to  the  engine  equal  to  that  of  kerosene  re¬ 
quires  pumps  2  to  4  times  larger  than  those  used  for  kerosene. 

The  viscosity  of  the  fuel  Influences  its  pumpability  and  particu¬ 
larly  the  proficiency  with  which  it  is  atomized.  This  factor  deter¬ 
mines  the  droplet  size,  outflow  speed,  and  spray-cone  angle  of  the 
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Fig.  36.  Variation  of  fuel- 
pump  output  as  a  function  of 
fuel  type  and  ambient  pressure. 
1)  AN-7-32;  2)  AN-F-48  ( vapor 
pressure  after  Reyd  [sic]  0.49 

kgf/cm  ).  A)  Fuel  outflow  in  % 
of  outflow  of  AN-F-32  at  750 
mm  Hg;  B)  fuel  intake  pressure, 
mm  Hg. 


Fig.  37.  Viscosity  of  jet  fuels 
as  a  function  of  temperature. 

1)  Centistokes;  2)  T-l  stand¬ 
ard;  3)  TS-1  standard;  4)  T-2 
standard;  5)  TS-1;  6)  standard; 
7)  B-70. 


fuel.  The  variation  of  the  viscosity  of  various  jet  fuels  as  a  func¬ 
tion  of  temperature  is  shown  in  Fig.  37* 
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Pig.  38.  Solubility  of  water 
in  aviation  fuels  at  various 
temperatures.  1)  Solubility  of 
water,  $  by  weight;  2)  tem¬ 
perature,  °C. 


Fig.  39.  Solubility  of  water 
in  fuel  and  its  influence  on 
ice  clogging  of  filters.  1) 
Temperature  at  which  flow  rate 
drops  by  20$,  °C;  2)  solubility 
of  water  at  18°,  $  by  weight. 


The  most  important  factor  exerting  a  detrimental  influence  on 

fuel  feed  is  clogging  of  the  fuel  filters  by  ice  crystals  as  a  result 

/ 

of  freezing  of  water  at  low  temperatures.  Under  normal  conditions,  the 
hydrocarbons  forming  the  fuel  have  dissolved  in  them  a  certain  quan¬ 
tity  of  water  (about  0.005$).  At  low  temperatures,  the  solubility  of 
the  water  is  lowered  and  the  separated  water  precipitates  in  the  form 
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of  fine  crystals. 


Figures  38  and  39  show  the  solubility  of  water  in  hydrocarbons 
and  in  fuels  of  the  kerosene  and  gasoline  types.  Even  at  -15°,  the 
major  part  of  the  water  has  precipitated  from  the  kerosene  in  the  form 
of  ice.  Solid  paraffins  are  precipitated  simultaneously  with  the  ice 
crystals.  They  may  cause  partial  or  complete  clogging  of  the  filter. 

When  kerosene  containing  0.005#  of  water  is  cooled  to  -16°,  about 
0.004#  of  water  may  be  separated  in  the  form  of  ice.  With  4500  liters 
per  hour  of  fuel  flowing  through  the  filter,  as  much  as  0.18  kg  of  ice 
crystals  may  be  accumulated  on  the  filter  during  an  hour.  In  the  ma¬ 
jority  of  cases,  this  ice  is  deposited  to  some  extent  on  the  walls  of 
the  tank.  However,  under  conditions  of  rapid  cooling,  the  ice  may  re¬ 
main  suspended  and  be  carried  by  the  fuel  into  the  feed  system,  where 
it  lodges  on  the  filter. 

The  greater  the  quantity  of  water  dissolved  in  the  fuel,  the 
greater  the  quantity  that  will  be  precipitated  on  cooling. 

The  solubility  of  water  in  a  fuel  depends  on  the  latter's  chemical 
composition. 

Table  13  shows  the  solubility  of  water  at  18°  in  a  number  of  fuels. 

The  solubility  of  water  in  a  fuel  depends  on  the  latter's  aro¬ 
matic-hydrocarbon  content  for  a  given  fractional  composition. 

Below  we  list  the  solubilities  of  water  in  various  hydrocarbons 
at  22-25°: 


Temperature, 

°C 

Solubility,  # 

Normal  pentane. 

..25 

0.011 

Normal  heptane. 

..25 

0.015 

Benzene . 

..22 

0.066 

Toluene . 

..22 

0.052 

Xylene . 

..22 

0.038 

A  certain  relationship  obtains  between  the  solubility  of  water  in 


TABIE  13 

Solubility  of  Water  in  Various  Fuels 
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0,834 
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.  21,9 
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1)  Fuel;  2)  density  at  15°;  3)  boil¬ 
ing-temperature  range,  °C;  4)  aro¬ 
matic-hydrocarbon  content,  y  5)  sol¬ 
ubility  of  water  at  18°,  y,  6)  gaso¬ 
line;  7)  kerosene. 

a  fuel  and  clogging  of  the  filter.  The  higher  the  solubility  of  water 
in  the  fuel,  the  higher  will  be  the  temperature  at  which  the  tendency 
to  ice-crystal  clogging  of  the  fuel  filter  appears. 

There  is  also  a  certain  relationship  between  the  clouding  tem¬ 
perature  (the  clouding  temperature  is  usually  several  degrees  higher 
than  the  solidification  temperature)  and  the  temperature  at  which  the 
flow  rate  of  the  fuel  is  observed  to  have  dropped  by  20$.  In  Jet  fuels, 
the  clouding  temperature  lies  between  — 40  and  — 60°,  but  is  not  usually 
above  —50°. 

Low- temperature  filter  clogging  is  prevented  by  adding  certain 
substances  to  the  fuel  that  raise  the  solubility  of  water  at  low  tem¬ 
peratures. 

Thus,  ice  clogging  of  the  filters  is  completely  eliminated  by  add¬ 
ing  to  the  fuel  from  0.5  to  1 %  of  isopropyl. alcohol,  which  is  quite 
soluble  in  hydrocarbons  and  dissolves  water  adequately.  Obviously, 
many  other  substances  with  similar  physicochemical  nature  can  be  used 
for  this  purpose. 

Another  factor  that  may  influence  the  flow  rate  and  atomization 
of  the  fuels  Is  the  variation  of  their  density. 
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The  densities  of  different  specimens  of  turbojet  fuels  lie  in  the 
range  from  0. 76-0. 82-0. 85  at  normal  temperatures.  At  low  temperatures, 
density  increases,  and  this  characteristic  influences  the  flow  of  the 
fuel  through  the  nozzles,  since  the  pumps  are  adjusted  to  deliver  a 
certain  volume  of  fuel.  The  same  applies  to  the  outflow  of  the  fuel 
through  the  nozzles. 

Figure  40  shows  the  variation  of  the  densities  of  jet  fuels  as 
functions  of  temperature. 

The  variation  of  fuel  density  as  a  function  of  temperature  may  be 
computed  approximately  by  the  formula 

.  r/»irf±r'«  — 20),  .' 

where  y  is  the  density  of  the  fuel  at  20°  and  y'  is  the  coefficient  of 
expansion;  for  fuels  with  specific  gravities  in  the  range  from  0.80  to 
0.82,  y  =  0.00075. 


Fig.  40.  Variation  of  Jet -fuel 
densities  as  functions  of  tem¬ 
perature.  1)  Density;  2)  tem¬ 
perature,  °C. 


At  a  temperature  of  -50°,  the  density  of  the  fuel  has  increased 


TABLE  14 

Mean  Volume trie -Expansion  Coeffi¬ 
cients  of  Petroleum  Products 
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0,000734' 

0.780—0.800 

0,000095 

•0,000-0,020 

0,000688 

0,800—0,820 

0,000937 

0,020-0,040 

'  '0,000645 

0,820-0,840 

0,000882  , 

0,040-0,060 

0,000604 

0,840-0,860 

0,000831  , 

0,060-7-0,080 

0,000564 

0,860-0,880 

0,000782  ! 

0,080-1,000 

0,000528 

1)  Range  of  density  variation;  2) 
mean  expansion  coefficient  a. 

to  O.87  from  the  original  0.82  at  +20°. 

In  supersonic  flight,  on  the  other  hand,  when  the  tanks  may  be 
heated  to  +100  to  200°,  we  must  reckon  with  volumetric  thermal  expan¬ 
sion  of  the  fuels.  The  volume trie -expans ion  coefficients  of  heavy 
fuels  are  smaller  than  those  of  light  fuels:  for  JP-1,  we  have  ~10-10“5, 
while  for  JP-4,  we  have  94* 10”^. 

Thus,  a  fuel  with  a  specific  gravity  of  0.80  to  0.82  undergoes  a 
9.4-percent  change  in  volume  on  heating  to  100°,  while  a  fuel  with  a 
specific  gravity  of  0.96  to  0.98  changes  volume  by  5.6^. 

The  thermal  expansion  of  a  fuel  i3  determined  by  the  formula 

Vt  —  vt  (1 

where  v  is  the  volume  at  the  subject  temperature,  vQ  is  the  volume  at 
the  initial  temperature,  _t  is  the  temperature  change,  and  a  is  the 
volumetric  expansion  coefficient. 

We  tabulate  the  temperature  coefficients  of  volumetric  expansion 
of  petroleum  products  as  functions  of  their  specific  gravity  (Table  14). 
4,  Fuel  Losses  at  High  Altitude 

An  important  problem  encountered  in  using  jet  fuels  Is  that  of 
countering  fuel  losses  at  high  altitudes,  both  as  a  result  of  direct 
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evaporation  at  the  low  pressures  and  as  a  result  of  bumping  of  the 
fuel  on  liberation  of  the  dissolved  air  [7,  12]. 


Fig.  4l.  Weight  losses  of  fuel 
at  high  altitudes  as  functions 
of  initial  temperature  of  fuel 
at  altitude  of  18  km  (rate  of 
climb  300  m/sec).  1)  Losses, 

2)  initial  temperature  of  fuel, 
°C. 
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Fig. „ 42.  Weight  losses  of  fuel 
at  various  altitudes  as  func¬ 
tions  of  fuel  temperature 
(rate  of  climb  300  m/sec).  1) 
Loss,  <f>  by  weight;  2)  initial 
temperature,  °C;  3)  altitude 
above  sea  level,  km. 


The  solubility  of  air  in  petroleum  products  diminishes  as  their 
surface  tension  increases.  Gasolines  dissolve  approximately  20  to  2% 
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TABLE  15 

Solubility  of  Air  in  Various  Petro¬ 
leum  Products 
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1)  Petroleum  product;  2)  density  at 
21°;  3)  surface  tension  at  21°, 
dynes/cm;  4)  solubility,  $  by  volume; 
5)  aviation  fuel;  6)  lubricating  oil. 


TABLE  16 

Comparison  of  Fuel  Losses  at  Alti¬ 
tude  of  18.3  km 
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l)  Fuel;  2)  vapor  pressure  at  37*8°, 

kgf/cm2;  3)  losses  ($  by  weight)  at 
initial  temperature  of;  4)  kerosene; 

5)  broad-fraction  fuel;  6)  same. 

by  volume  of  air,  kerosenes  13-15$,  and  lubricating  oils  7-H$*  The 
solubility  of  air  in  paraffinic  hydrocarbons  is  higher  than  in  aromatic 
hydrocarbons. 

The  solubility  of  air  varies  only  slightly  as  a  function  of  tem¬ 
perature  and  to  a  considerably  greater  degree  as  a  function  of  pres¬ 
sure.  At  low  pressures,  therefore,  the  air  begins  to  separate.  The  gas 
separated  from  kerosene  is  richer  in  oxygen  than  air  and  contains  about 
32.6$  of  this  element,  while  air  contains  about  21$  of  oxygen.  This 
raises  the  explosion  hazard  for  the  fuel  in  the  tanks. 


The  losses  of  fuel  with  the  evolved  air  at  low  pressures  are  not, 
in  themselves,  large.  Thus,  they  amount  to  0.028-0. 031#  by  weight  at  an 
altitude  of  9150  meters  for  a  0.35-0.45-kgf/cm2  vapor  pressure  over 
JP-3  fuel. 

Although  the  fuel  losses  in  the  form  of  vapor  with  the  evolved 
air  are  not  in  themselves  large,  they  may  be  increased  as  a  result  of 
bumping  of  the  fuel  and  ejection  of  the  fuel  through  the  air  lines. 

The  solubilities  of  air  in  various  petroleum  products  are  given 
in  Table  15. 

The  fuel  losses  at  high  altitudes  depend  on  the  initial  tempera¬ 
ture  of  the  fuel.  Figure  4l  shows  the  losses  of  a  gasoline-type  fuel 
with  a  density  of  O.74,  an  initial-boiling  temperature  of  30°,  and  a 
final-boiling  temperature  of  204°  at  an  altitude  of  18.3  km  as  a  func¬ 
tion  of  the  fuel's  initial  temperature,  for  a  300-m/sec  rate  of  climb. 

At  a  temperature  of  27°,  the  fuel  losses  amount  to  15#,  but  on 
cooling  to  —17°,  the  fuel  loses  no  more  than  4$. 

Figure  42  presents  the  weight  losses  of  fuels  at  various  alti¬ 
tudes  and  at  various  fuel  temperatures. 

Table  16  gives  the  losses  of  various  fuels  at  an  altitude  of  18.3 
km  as  functions  of  the  vapor  pressure  and  initial  temperature. 

Thus,  the  fuel  losses  may  be  quite  considerable  for  high  rates  of 
climb. 

Fuel  losses  may  be  reduced  by  using  hermetically  sealed  tanks  and 
freezing  the  fuel  on  the  ground.  The  use  of  the  first  method  involves 
increasing  the  weight  of  the  aircraft,  while  the  second  requires  ex¬ 
pensive  equipment  for  cooling  the  fuel  prior  to  takeoff. 

The  fuel  losses  are  connected  with  the  feed  system,  the  speeds  of 

the  aircraft,  and  the  characteristics  of  the  fuels,  and  will  depend  on 
these  factors. 
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5.  Stability  of  Jet  Fuels  and  Methods  of  Improving  It  with  Antioxidant 
Additives 

A  fuel's  retention  of  Its  properties  under  the  conditions  of 
storage  and  operation  Is  known  as  stability. 

In  connection  with  the  extremely  high  consumption  of  jet  fuels, 
the  need  arises  to  provide  certain  reserves  of  fuel  for  military  avia¬ 
tion.  Fuels  based  on  direct-distillation  products  may  be  stored  for 
long  periods,  but  fuels  containing  products  of  thermal  cracking  do  not 
survive  prolonged  storage  because  of  the  presence  in  them  of  unsatu¬ 
rated  compounds  that  readily  form  tars  [resins].  In  view  of  this,  it 
is  desirable  to  extend  the  permissible  storage  time  for  Jet  fuels  pro¬ 
duced  by  cracking  and  direct  distillation,  as  is  done  abroad  by  the 
use  of  antioxidant  additives.  Thus,  24  g  per  1  ton  of  an  oxidation  in¬ 
hibitor  is  added  to  JP-3  fuel,  which  may  contain  cracking  products  (ad¬ 
missible  bromine  number  up  to  30). 

As  a  result  of  increases  in  flight  speed  to  2400-3600  km/hr,  the 
temperature  of  the  aircraft  may  reach  120-330°  as  a  result  of  air 
friction  and  air  compression.  The  temperature  developed  in  the  air 
when  it  is  decelerated  at  the  surface  of  the  aircraft  is  known  as  the 
d?c°lerated-flow  temperature  (Table  17). 


TABLE  17 

Decelerated-Flow  Temperature  of  Air  at  Alti¬ 
tude  of  11  km  as  a  Function  of  Flight  Speed 
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1)  Flight  speed,  km/hr;  2)  decelerated-flow 
temperature,  °C. 


-  106  - 


The  fuel  In  the  tanks  may  he  heated  to  these  temperatures  or  to 
the  boiling  temperature. 

Furthermore,  the  fuel  may  be  heated  in  the  fuel  system  and  heat 
exchangers;  this  may  result  in  precipitation  of  deposits  and  plugging 
of  the  fuel  filters. 

Consequently,  fuels  used  in  supersonic  aviation  are  required  to 
have  high  stability  at  a  temperature  of  at  least  150°;  this  figure 
will  eventually  rise  to  250  to  300°.  Stability  of  the  fuel  for  8  to  10 
hours  must  be  guaranteed. 

The  stability  of  the  fuels  depends  on  temperature,  heating  time, 
and  the  chemical  composition  of  the  fuel.  Direct-distillation  fuel  is 
more  or  less  stable  up  to  100°,  but  fuels  with  cracking  products  are 
not  sufficiently  stable.  The  stability  of  most  fuels  is  apparently  in¬ 
adequate  at  150,  250  and  300°. 

During  storage,  processes  associated  with  formation  of  tars, 
which  are  condensation  products,  may  take  place  in  the  fuel  under  the 
Influence  of  atmospheric  oxygen  as  a  result  of  oxidation,  polymeriza¬ 
tion  and  condensation  processes.  At  first,  the  tars  remain  in  solution, 
changing  the  color  of  the  fuel,  but  later  they  form  precipitates  that 
may  clog  the  fuel  filters.  Tars  dissolved  in  the  fuel  also  result  in 
Increased  carbon  formation  on  combustion. 

The  relationship  between  the  chemical  properties  of  the  fuel  and 
its  stability  have  not  been  studied  with  adequate  thoroughness.  It  is 
known,  however,  that  fuels  containing  unsaturated  cracking  hydrocar¬ 
bons  and  those  that  contain  large  quantities  of  sulfur  compounds  do 
not  have  adequate  stability. 

The  quality  (as  regards  tar  content)  and  stability  of  a  fuel  are 
determined  by  various  methods. 

At  the  refinery,  the  quality  of  the  fuel  produced  and  the  changes 
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that  take  place  In  It  during  storage  or  during  thermal  processing 
(e.g.,  after  heating  at  200°)  are  determined  on  the  basis  of  the  "ac¬ 
tual"  tar  content  [13  3  and  formation  of  deposits. 

In  determining  the  actual  tar  content,  25  ml  of  the  petroleum 
product  to  be  investigated  is  evaporated  in  a  beaker  over  an  oil  bath 
in  a  stream  of  air  at  180°.  After  evaporation  of  the  fuel,  the  tars 
remain  and  are  determined  by  weighing  on  an  analytical  balance.  The 
tar  content  in  direct-distillation  Jet  fuels  of  type  T-l  may  not  ex¬ 
ceed  10  mg  per  100  ml  of  fuel. 

The  tar  content  in  Jet  fuels  containing  cracking  products  (JP-3 
fuel)  may  not  exceed  20  mg  per  100  ml  of  fuel. 

Determination  of  the  induction  period  is  another  method  of  char¬ 
acterizing  the  stability  of  fuels.  The  method  consists  in  determining 
the  time  of  induction  during  which  the  fuel  (gasoline)  being  tested 
can  stand  in  an  oxygen  atmosphere  under  a  pressure  of  7  kgf/cm2  at  a 
temperature  of  100°  and  not  absorb  oxygen.  Absorption  of  oxygen  is 
determined  from  the  pressure  drop.  It  is  conventional  to  assume  that 
the  initial  moment  of  oxygen  absorption  coincides  with  the  initial 
moment  of  tar  formation.  The  duration  of  the  Induction  period  charac¬ 
terizes  the  tendency  of  the  fuel  to  oxidize  and  form  tars  during  pro¬ 
longed  storage.  Thus,  for  example,  it  is  considered  that  a  240-minute 
induction  period  under  an  oxygen  pressure  of  2  atmospheres  (after  fill¬ 
ing  a  cold  bomb)  at  100°  gives  a  guarantee  of  practically  unchanged 
pioperties  in  cracking  gasolines  for  6  months.  The  induction  period  is 
determined  in  a  special  bomb  which  is  placed  in  a  boiling-water  bath 
[14]. 

The  stabilities  of  Jet  fuels  depend  on  the  temperature  and  pres¬ 
sure  prevailing  for  the  fuel  under  operational  conditions  or  during 
testing.  This  dependence  can  be  represented  approximately  in  the  fol- 
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lowing  form  [15]: 


Ig^*/Ci('JT“7r)-/(*|67r* 


where  is  the  stability  (in  hours)  at  the  temperature  T^  (°K)  and 
the  pressure  P^j  tg  is  the  stability  at  the  temperature  Tg  and  the 
pressure  Pg. 

The  following  values  are  proposed  for  the  coefficients  K: 


K1  *2 

Jet  fuel .  4500  0.52 

Gasolines .  5500  0.18 

The  material  with  which  the  fuel  is  in  contact  during  production 
and  storage  is  of  great  Importance.  Thus,  copper  has  a  considerable 
influence  on  the  stability  of  fuels  because  soluble  copper  compounds 
which  act  as  fuel-oxidation  catalysts,  even  when  present  in  "negli¬ 
gible"  concentrations,  form  in  the  fuel. 


The  influence  of  specific  hydrocarbons  and  mixtures  of  hydrocar¬ 
bons  on  fuel  stability  is  not  sufficiently  fully  understood,  although, 
as  we  have  noted,  the  basic  cause  of  low  stability  is  the  presence  of 
unsaturated  compounds  in  the  fuel.  Thus,  a  fuel  with  a  high  unsaturated- 
hydrocarbon  content  is  most  readily  oxidized  under  the  influence  of 
molecular  oxygen  and  forms  tars. 


As  we  noted  earlier,  15-25  percent  by  volume  of  air  dissolves  in 
fuels.  Oxidation  of  unsaturated  hydrocarbons  takes  place  preferentially 
at  the  C-H  bond  in  the  p-position  with  respect  to  the  double  bond, 
with  formation  of  the  hydroperoxide: 

CH,  =  CH  -  CH,  ~CH,-R+  0,-  CHa  =  CH  -  CH  -  CHa-R. 

I 

OOH 


Oxidation  of  the  unsaturated  hydrocarbons  is  accompanied  by  accu¬ 
mulation  of  condensation  and  oxidative-condensation  products,  with  tar 
formation.  The  greater  the  degree  to  which  the  hydrocarbon  mixture  is 
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unsaturated,  the  higher  will  be  its  tendency  to  tar-  and  sediment 
formation.  Cyclic  olefins  are  more  strongly  inclined  to  oxidation  re¬ 
actions  than  open-chain  olefins.  Diolefins  and  aromatic  olefins  are 
most  easily  modified,  undergoing  oxidation  and  other  chemical  trans¬ 
formations. 

The  influence  of  various  olefins  on  tar  formation  is  listed  in 
Table  18  for  contents  of  10#  in  the  fuel. 

Compounds  of  the  styrol  type,  dienes,  and  cyclic  olefins  are  par¬ 
ticularly  unstable  during  storage. 

Oxidation  of  paraffinic  hydrocarbons  proceeds  extremely  slowly  at 
normal  storage  temperatures  (+20°);  their  oxidizability  increases  with 
increasing  molecular  weight.  Alcohols,  acids,  and  carbonyl  compounds 
predominate  in  the  oxidation  products  of  paraffins.  Formation  of  the 
products  of  oxidative  tar  condensation  takes  place  only  to  minimal 
quantities.  The  presence  of  tertiary  carbon  atoms  Increases  the  ten¬ 
dency  of  paraffins  to  oxidize  and  form  hydroperoxides. 

TABLE  18 

Influence  of  Various  Unsaturated  Hy¬ 
drocarbons  on  Tar  Formation  in  Fuel 
during  Storage  for  One  Year  [16] 
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1)  Hydrocarbon;  2)  formula;  3)  quan¬ 
tity  of  tars,  mg/100  ml;  4)  styrene; 
5)  phenylburadiene;  6)  diisobutylene; 
7]  dipentene. 
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For  example,  2,3-dimethylbutane  readily  forms  the  hydroxide 

CHj  CH,  CHjCHj 

CH,  -  CH  -  CH  -  CH,  +  ?,-*  CH, -C-Ah-  CH, 

I 

;  OOH 

in  fuel.  Normal  hexane  undergoes  conversion  to  the  hydroperoxide  with 
considerably  greater  difficulty. 

Hydrocarbons  with  quaternary  carbon  atoms  in  the  molecule  possess 
high  oxidation  stability;  this  will  be  evident  from  the  following  ex¬ 
ample  [  16  ] : 


Hydrocarbon 

Formula 

Absorption  of 
oxygen  at  120° 
during  6  hours 

Hexadecane . 

c16H34 

C10H22 

of  oxidation, 
ml/gram-molecule 

680 

2 , 7 -Dime  thy loc  tane . 

1525 

2, 2, 4, 4, 6, 8, 8-Heptame  thylnonane 

C16H34 

310 

Naphthenic  hydrocarbons  have  oxidizabilities  that  closely  paral¬ 
lel  those  of  the  paraffinic  hydrocarbons. 

Naphthenic  hydrocarbons  with  side  chains  oxidize  more  easily. 
Small  quantities  of  condensation  products  (tars)  are  found  in  the  ox¬ 
idation  products. 

Aromatic  hydrocarbons  having  no  side  chains  are  highly  resistant 
to  oxidation.  Aromatic  hydrocarbons  with  side  chains  are  considerably 
less  stable,  particularly  in  the  presence  of  ternary  atoms,  which  at¬ 
tach  oxygen  easily  with  formation  of  hydroperoxides.  The  ability  of 
aromatic  hydrocarbons  to  oxidize  increases  with  increasing  number  and 
length  of  side  chains.  Naphtheno -aromatic  hydrocarbons  such  as' tetra- 
line  react  vigorously  with  oxygen  to  form  hydroperoxides,  which  subse¬ 
quently  undergo  conversion  to  products  of  oxidative  polymerization 
(tars).  Various  condensation  products  (tars)  form  preferentially  in 
oxidation  of  aromatic  hydrocarbons  not  having  side  chains  or  having 
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Pig.  43.  Influence  of  various 
sulfur  compounds  on  stability 
of  fuels.  On  addition  of  vari¬ 
ous  sulfur  compounds  (0.1#  s): 

1)  S  (elementary  sulfur):  2) 

C16H33SH;  3)  C10H21SH;  ^ 
c6H5SH;  5)  c5Hi;lSH;  6)  fuel 

without  additives  but  with 
0.01#  S.  A)  Tars,  mg/100  ml; 

2)  storage  time,  days. 

short  side  chains. 

Sulfur  compounds,  and  the  mercaptans  in  particular,  increase  the 
oxidation  rates  of  hydrocarbons  in  some  cases,  although  it  is  known 
that  a  number  of  sulfides  and  disulfides  improve  the  stability  of  lub¬ 
ricating  oils.  The  mercaptans  result  in  considerably  increased  tar 
formation  in  the  fuels. 

Below  we  present  a  characterization  of  the  molecular-oxygen  sta¬ 
bility  of  a  number  of  hy(frocarbons  at  30°  In  the  presence  of  0.05#  of 
methyl  mercaptan: 


Hydrocarbon 

Methylcyclohexane . 

Cumene . . 

Cyclohexane . 

Diisobutylene . 

Octene-1 . 

Methylcyclohexane  99#. . 
Vinylcyclohexane  1#. . . . 


Induction 
period,  hours 

80 

45 

20 

14 

18 

24 
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Figure  43  illustrates  the  influence  of  various  sulfur  compounds 
(mercaptans  and  sulfur)  on  the  stability  of  JP-3  Jet  fuel,  which  con¬ 
tains  cracking  products. 

Below  we  list  the  stabilities,  of  broad- fraction  fuels  with  boil¬ 
ing  ranges  from  60  to  260°  and  based  on  direct-distillation  products 
with  various  sulfur  contents: 


Iodine 

Sulfur 

Tar 

number 

content, 

% 

formation, 
mg/100  ml 

1 

0.21 

8 

30 

0.2 

21.5 

52 

0.23 

28 

30 

0.4 

46 

16 

0.87 

68 

12.5 

0.8 

118 

Both  unsaturated  and  sulfur  compounds  promote  the  accumulation  of 
tars  in  the  fuel. 

The  oxidation  of  fuels  during  storage  results  in  the  formation  of 
unstable  and  reactive  oxidation  products  (radicals,  peroxides),  which 
contribute  to  the  development  of  more  profound  oxidation  reactions. 
Consequently,  such  intermediate  products  are  substances  that  contribute 

to  autooxidation. 

The  presence  in  the  fuel  of  a  small  quantity  of  reactive  sub¬ 
stances  (phenols,  aminophenols,  etc.)  that  may  react  with  the  reactive 
intermediate  oxidation  products  interrupts  the  oxidation  process  and 
the  autocatalytic  reaction  does  not  proceed.  In  the  presence  of  such 
antioxidant  additives  (oxidation  Inhibitors),  the  stability  of  jet 
fuels  is  improved. 

The  antioxidant  properties  of  phenols  in  the  fuels  increases  in 
the  following  order. 
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OH  OH  OH  OH  OH  OH 

0<(^-»<(!r<6<&: 

OH  ‘ 

pf^UKK  +40|M^»IOI|M  U«pO«»Tei»H  r»J(n(5».  IMpO^JMOJI 

-  00  00  240  225  240 

1)  Phenol;  2)  resorcinol;  3)  floro- 
glucine;  4)  pyrocatechol;  5)  hy- 
droxyquinone ;  6)  pyrogallol. 

The  antioxidant  property  is  less  distinctly  expressed  in  the  m- 
phenols  than  in  the  o-  and  p -diphenols. 

Aromatic  amino-  and  hydroxy  compounds,  such  as 

NH,  OH 

•oo<cxr<6"' 

1  a-lli^TMiUMK  2  /'•Ha^lTO^  3n»POK.mJU.H 

1)  a-Naphthylamine ;  2)  p-naph- 
thol;  3)  pyrocatechol. 

also  possess  antioxidant  properties;  however,  they  are  less  distinct 
than  those  of  the  phenols.  Nitro-  and  chlorophenols  are  more  active 
than  the  phenols  themselves. 

Among  the  amines  tested  (aniline,  o-,  m-  and  p-toluidines,  xyli- 
dlne,  o-,  m-  and  p-nitroanllines,  o-,  m-. and  p -chloroanillnes,  naph- 
thylamine ) ,  naphthylamine  has  the  highest  oxidation-inhibiting  ability. 

The  presence  of  hydroxy  and  amino  groups  simultaneously  in  the 
molecule  increases  the  effectiveness  of  the  antioxidant.  Thus,  n-hy- 
droxydiphenylamine  has  much  higher  oxidation-inhibiting  properties 
than  hydroquinone  [18]: 


OH 
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Particularly  active  as  oxidation-inhibiting  additives  to  fuel  are 
alkylphenols  containing  alkyl  radicals  -  usually  tertiary  butyl  radi¬ 
cals  -  in  the  2-,  4-  and  6-positions  with  respect  to  the  OH  group. 

Like  phenol,  cresol  and  naphthol,  nonalkylated  phenols  are  weak  anti¬ 
oxidants  . 

The  oxidation-inhibiting  properties  of  a  number  of  alkylphenols 
are  listed  in  Table  19. 

Active  oxidation-inhibiting  additives  are  produced  on  the  basis 
of  phenols  (phenol,  p-cresol  and  xylenol)  that  have  been  alkylated  with 
isobutylene. 

Table  20  compares  the  activities  of  various  antioxidant  additives 
to  jet  fuels  containing  cracking  products,  in  terms  of  their  Induction 
periods  and  tar  formation. 

Butylated  aminophenols  and  dibutylphenylenediamine  are  more  ac¬ 
tive  as  oxidation-inhibiting  additives  for  jet  fuels  based  on  cracking 
products  than  are  butylated  cresols. 

Aminophenols  that  have  been  alkylated  in  the  amino  group  are  used 
as  oxidation  inhibitors  for  jet  fuels;  an  example  is  furfurolidene-p- 
aminophenol; 


oh 


The  effectiveness  of  the  antioxidants  in  JP-3  fuel  during  a  16- 


nour  accelerated  tar  test  is  indicated  below  [18,  19,  20]: 


Antioxidant 


Relative 

effectiveness 


p-Butylaminophenol .  1.0 

N, N ' -dl-sec -butyl-p-phenylene- 

diamine .  0.55 

2, 6-di-tert-butyl-p-cresol .  0.14 

6-tert-butyl-p-cresol .  0.11 
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TABLE  19 

Oxidation-Inhibiting  Properties  of  a  Number 
of  Phenols  [16] 


*In  relative  units,  with  reference  to  lubri¬ 
cating  oil  without  additives. 

l)  Additive;  2)  formula;  3)  induction  period*; 
4)  oil  without  additive;  5)  phenol;  6)  m- 
cresol;  7)  2,4-dlmethyl-6-sec-butylphenol; 

8)  4 -methyl-2, 6-dl-tert-butylphenol;  9)  4- 
ethyl-2, 6-di- tert-butylphenol ;  10)  5-butyl- 
2, 6-dl-tert-butylphenol. 


The  formation  of  tars  in  the  presence  of  various  antioxidants  In 
jet  fuel  containing  products  of  thermal  and  catalytic  cracking  is  il¬ 
lustrated  by  the  following  data  [9,  13 ]  (Table  21). 
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TABLE  20 


Oxidation- Inhibiting  Ability  of  Alkylated  Amino- 
phenols,  Diamines,  and  Alkylphenols  in  Jet  Fuel 
17] 

(0.003#  content  of  additive  in  fuel) 


1  npHCUK*  . 

2  *3p«yj» 

— 5 — 

3 

IliiAyKilitnii- 

OrnocHTr/ii.iin 

mtiincTk 

iimA  itepiiOA, 
Mllll. 

no  NitjiyKiiif* 

oimoMy  ncpNO« 

5 . » 

no  oftp.v 
jonaiiHio 
0  C*0M 

7  /l-ByTIMiaMIIHO$CHOJt 

OH 

I 

050 

1 

1 

•  6 

8  N,N'-JIiM\Top.  6yriui.fi*4><* 

HIUICIIAHIMHH 

V 

C,H»  —  NH 

CH, — CM  —  CH, — CH, 

'  1 

NH 

670 

0.53 

• 

0,51 

A 

•• 

.1 

CH,  —  CH  —  CH,  —  CH, 

9  ByTiiJinponaHHuA  4-uct- 

OKCHt^CIIOTt 

— 

460 

0,35 

0,29 

10  2,6-AH-TpeT.6yTHJi-n*xpe- 

3071 

CH,  CH, 

1  L  1 

200 

0,12 

0,13 

CH,_  1  fVV“CH* 

_ ; 

Wy  U 

CH, 

* 

11  2-TpeT.  ByTiiTi'/i-xpejoji 

OH  CH, 

1  1  „ 
/\-C-CH, 

Q  CH, 

I 

CH, 

275 

0.1  ' 

0,11 

12  Torwiiino  Cc3  npncajKii 

— 

200 

1 

—  • 

— 

l)  Additive;  2)  formula;  3)  induction  period,  min¬ 
utes;  4)  relative  effectiveness;  5)  on  basis  of 
induction  period;  6)  on  basis  of  tar  formation; 

7)  p-butylaminophenol ;  8)  N,N' -di-sec-butyl-p- 
phenylenediamine;  9)  butylated  4-methoxyphenol; 

10)  2,6-dl-tert-butyl-p-cresol;  11)  2-tert-butyl- 
p-cresol;  12)  fuel  without  additive. 

Table  22  lists  the  relative  efficiencies  of  the  homologous  series 
of  alkylphenols  as  antioxidants  for  motor  fuel,  on  the  basis  of  their 
induction  periods.  Here,  the  oxidative  [sic]  effectiveness  of  2,4- 
dlmethyl-6-tert-butylphenol  is  taken  as  unity,  with  the  corresponding 
induction  period  of  300  minutes  [20], 

Among  the  alkylphenols,  the  best  antioxidants  are  the  first  three 
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TABLE  21 

Influence  of  Antioxidants  on  Tar 
Formation 


KoHiinirn*u»«, 

2  % 

3  OtipuftMiwe 
cko*,  m:I  100  m* 

4  (<Scj  npncMKii) . \ 

333 

3  /I’EyTtlJtlMIIIKXpCHOJl  ...  . . 

0,(Xl|0 

30, a 

0,0035 

14.7 

6  N.N'-ilii-BTop.  6yTii,i-n-4icHii/ietiAiiaMHH 

0,033 

12,5 

0,0010 

111,4 

0,0085 

17,6 

0,033 

14,4 

7  2,6*,flH-Tp«T,  6yTIIJI-/|.XpciOA  .  .  . 

0,033 

247,0 

0,0075 

43,0 

.« 

0,0125 

17,8 

8  ByTMAHpoUHHUA  4*MCTOKCIt«))eHOJI  .  . 

0,0015 - 

100,4 

0,0025 

23,2 

0,033 

17,8  • 

9  6-rpet,  SynM‘fl.Kpcxui . 

0,0150 

5,7 

l)  Antioxidant;  2)  concentration, 

3)  tar  formation,  mg/100  ml;  4)  no 
additive;  5)  p-butylaminophenol;  6) 

N. N' -di-sec -butyl-p-phenylenediamine ; 
7)  2,6-di-tert-butyl-p-cresol;  8) 
butylated  4-methoxyphenol;  9)  6-tert- 
butyl-p-cresol. 


substances  of  those  presented  below:* 


j  ,  .  0,55  0,28 

The  figures  under  the  formulas  denote  the  relative  effectiveness 
of  the  above  substances  as  oxidation  inhibitors. 

The  oxidation-inhibiting  abilities  of  a  series  of  phenols  and 
phenol  derivatives  with  respect  to  solid  paraffinic  hydrocarbons  at 
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TABLE  22 

Relative  Effectiveness  of  Alkylphenols  as  Anti¬ 
oxidants 


A  Ajikna^choa 

BOthociitc/u. 

It  .IN 

v^CKTiimiocrii 

|  A  Ajikhji4>choji 

BOTHOtMTCilfc* 

MX* 

•^CKTIIllHOCtb 

1  <J>cnai . 

0,01  23 

0,08  24 
0.00  25 
0,28  26 
0.21  27 
0.00 

0,00  2a 
.  o.08  09 

0,14  & 

0.04  20 
0,0:1  J 

1 

|2-H.io6yTiiA-4-MCTiiAiJ)ciio.i  ,  . 
;|2-DTOp.  5yTII/l-4'MCTIMI(jlCII<MI  . 
|  2-TpCT.  ByTil/I  *4  'MCTH.llJlCHOA  . 
I1  2.4-;1iimctim-6-ii.  CyniAtjioiian 

1  2,4-/l»MCTHA-6-H306yTHAl)lC- 
[  >10/1 . 

1 2,4*/liiMCTii/i-6-nTop.  Oyriwi* 
ijxMiai . 

0,19 

0,26 

0,42 

0,46 

0,55 

0,49 

1,00 

2  2-Mctiijh|icii(wi . 

3  4*Mcmm|*iiwi . 

4  2l4-/liiMCTii.n|iciiafi . 

5  2,6-/liiMCTii.n«J»cnoJi . 

6  2-n.  DyTiwijiCHOA . 

7  2-HM6yTii.nJiciioA . 

0  2-ivrop,  fjyTii.'itJiciicxn  .  . 

9  2  TpCT.  f>yTII.K|n’llo;i  .  .  .  . 

10  4-h.  GyTiuilioiio.i . 

2,4-/lllMCTIU-6-TpCT.  OyTIMI- 

I  ijlOhOA . 

11 4-H3o6yTii.m|iciioA  .  ;  .  . 

2,6*/Iiimctiiji  »‘l  •Tpcr,  6yn«^(J)c- 
110.1 . 

0,12 

0,40 

ft  07 

12  4-nTop.  r»yTM.i(f)oiioA  .  .  . 

13  4-Tpcr.  HyTiuiiJioito/)  .  , 

0,0.1  31 

0,04 

2'TpOT.  I>yTHJl'4*ll.6yTII/l(j)C" 

110.1 . 

142-Mctim-6-ii.  riynwijiciioA  .  . 

15  2-McTiiA-6-ii3ofiyTiifl(jioii(wi  .  . 

16  2-McTiui-6-DTop.  Cynwijiciian  . 

17  2-Mctiwi*4*ii.  6yTii.K|iciioji  .  . 
182-McTiw-4-n.ioCyTii.i(|)ciioA  .  . 

19  2-Mcrn;i-/i-nTop.  6yTiwi<|K»ioA  . 

20  2-M<*THfl-4-TpcT.  flyTii/iiJjciio/i  . 

21  2-h.  Eym/i *4  •MCTK^iijjc iicwi  , .  . 

0,14  32 

ft  1rx 

2-TpcT.ByTJW-4-ii3oCyTiw<|ic« 

IIO/I . 

oil?  33 

0,17  oh 

0,12  or 
0,08 

2-TpcT.  5yTii.v4-nTop.6yTn/i- 
(|jciio/i . 

ft  97 

2 ,4  -  -TpcT.CyTit/uJjcno/j . 
2,4-Jln-TpcT.6yTii/i-6-MCTn/i- 

l|)CIIOA . 

0,30 

ft  9ft 

0,13  36 
0,19 

2,6*/lH-TpCT.6yT»^-4*MCTIw4)C- 
nan . 

ft 

22  2-H306yTHA-4-MCTHA(j)CIKWI 

0,19  37 

2,4,6-Tpn-TpeT.  Oym/iijiciio/i  , 

0,28 

A)  Alky lphenol;  B)  relative  effectiveness;  1)  phenol;  2)  2-methyl- 
phenol;  3)  4-me thy lphenol;  4)  2, 4-dime thy lphenol;  5)  2, 6-dime thyl- 
phenol;  6)  2-normal  butylphenol;  7)  2-isobutylphenol;  8)  2-sec-butyl- 
phenol;  9)  2- tert -butylphenol;  10)  4-normal  butylphenol;  11)  4-iso- 
butylphenol;  12)  4-sec -butylphenol;  13)  4-tert-butylphenol;  14)  2- 
me thy 1 -6-normal  butylphenol;  15)  2-methyl-6-isobutylphenol;  16)  2- 
me thy 1-6-sec -butylphenol;  17)  2 -me thy 1-4 -normal  butylphenol;  18)  2- 
methyl-4-isobutylphenol;  19)  2-methyl-4-sec-butylphenol;  20)  2-methyl- 
4-tert-butylphenol;  21)  2-normal  butyl-4-methylphenol;  22)  2-isobutyl- 
4-methylphenol;  23)  2-isobutyl-4-methylphenol;  24)  2-sec-butyl-4- 
methylphenol;  25)  2- tert-butyl-4-me thy lphenol;  26)  2, 4-dime thyl-6- 
normal  butylphenol;  27)  2, 4-dimethyl-6-isobuty lphenol;  28)  2, 4-dime thyl- 
6-sec -butylphenol;  29)^2, 4-dlmethyl-6-tert-buty lphenol;  30)  2,6- 
dimethyl -4-tert-butylphenol;  31)  2- tert -butyl -4 -normal  butylphenol; 

32)  2 -tert -butyl -4- is obuty lphenol ;  33)  2-.tert-butyl-4-sec-buty  lphenol; 
34)  2, 4-di- tert -butylphenol;  35)  2, 4-di-tert-butyl-6-methy lphenol;  36) 

2, 6-di- ter t-butyl-4-me thy lphenol;  37)  2,4,6-tri-tert-butylphenol. 
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163°  are  listed  in  Table  23  [ 14  ] .  The  antioxidant  ability  of  the  addi¬ 
tives  was  evaluated  on  the  basis  of  the  stabilization  coefficient  and 
the  induction  period,  which  was  the  time  in  which  the  peroxide  number 
reached  50. 

The  stabilization  coefficient  is  the  ratio 

R  a  • 

where  t1  is  the  induction  period  of  the  stabilized  product;  t2  is  the 
induction  period  of  the  unstabilized  product;  A  is  the  antioxidant 
concentration  {%). 

The  dihydroxynaphthalenes,  their  ethers,  and  their  homologs  are 
effective  antioxidants  for  thermal-cracking  gasoline-ligroin  fractions. 
The  oxidation-inhibiting  properties  of  these  compounds  are  listed  in 
Table  24  as  a  function  of  their  structure. 

The  effectiveness  of  the  stabilizing  action  of  antioxidant  addi¬ 
tives  to  jet  fuel  containing  cracking  products  is  indicated  in  Figs. 

44  to  46. 


TABLE  23 

Effectiveness  of  Antioxidants  with  Respect  to 
Solid  Paraffins  at  163°  [21] 


lM  «.ii 

•  ’  2*opxy4i 

<  Kooiich  • 

Tp«KH«. 

Kt.% 

4><x«yKUN. 
oiiMufl  nc- 
P»01.  1»C. 

K‘oWm-5 

IIMCIIT  at- 

1 

•  •  * 

CH, 

HO-<Q>-C-CH. 

o.i 

•5 

40 

2 

.  ,  CH, 

•*>-0-0 

o.l 

10 

00 

3 

OH 

0-0 

0.1 

4 

30 

4 

CH,  CH, 

HO C  -  CH,  -  C  -  CH, 

0,01 

•  1.5 

50 

5 

in,  CH, 

HO  ~\2)-  QCH,), 

0,01 

3.5 

250 

1 

t  (CH,). 

1 

-  120  - 


TABIE  23  (Continuation) 


Mn.  n 

2  $opuyjia 

$  Kmum* 

T  Tpamii. 

1  M«.% 

Ihmtkun* 
oniiuH  ne* 

P»M.  w. 

KUCNT  CT«-' 
0MKUI|ll« 

•  0 

Dr 

1 

HO-<Q-Dr 

0,01 

1 

0 

• 

1 

Br 

•  , 

* 

7 

C  (CH,), 

ho  oi* 

0.01 

5 

400 

8 

0,01 

1 

0 

9 

ho-^3^3~oh 

0,01 

2,5 

150 

10 

,  OH  ;  OH 

6-“-6 

0,01 

4.5 

350 

11 

ho  ch*-\3~  0H 

0,01 

5 

400 

12 

OH  OH 

Q,-c»,-Q> 

0,01 

8 

700 

13 

1  1 

ci  ;  ci 

Br  OH  HO  Br  • 

1  I 

0,01 

1 

0 

14 

1  1 

Br  Br 

OH  OH 

o-^-o 

0,01 

6 

(mc  pac- 

IS 

1  1 

NO,  NO, 

OH  OH 

^-)_ch.-((3 

0,01 

3 

TBOpMM) 

200 

1C 

O  O 

ch, 

H0-O-f-O-0H 

0,01 

100 

17 

CH, 

H0-O\j/O-0H 

0,01 

1 

0 

c 

Hjd^ :h, 

H,d  Ah, 

\/ 

CH, 
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TABLE  23  (Continuation) 


TABLE  23  (Conclusion) 


Figure  44  shows  the  influence  of  the  content  of  the  various  anti¬ 
oxidant  additives  on  tar  formation  in  a  16-hour  accelerated  test. 

Figure  45  presents  data  on  the  kinetics  of  tar  formation  in  fuel 
in  the  presence  of  0.0033$  of  the  various  antioxidants. 
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Pig.  44.  Influence  of  antiox¬ 
idant  additives  on  tar  forma¬ 


tion  in  Jet  fuel  containing 
cracking  products,  during  16- 
hour  accelerated  test.  1)  p- 
butylaminophenol;  2)  N,N'-di- 


sec-butyl-p-phenylenediamine ; 
TT~ butylated  4-methoxyphenol; 

4 j  2,6-dl-tert-butyl-p-cresol; 
5)  6-tert-butyl-p-cresol.  A) 
Tars,  mg/100  ml;  B)  antioxidant 
content,  $  by  weight. 


t T,  i  a  9  m 


B  «cc* 

Fig.  45.  Influence  of  various  antioxidants  taken  in  quan¬ 
tities  of  0.0033$,  on  tar-formation  kinetics.  1)  p-amino- 
phenol;  2)  N,N'-di-sec-butyl-p-phenylenediamine;  3)  butylated 
4-methoxyphenol;  4)  £,6-dl-tert-butyl-p-cresol;  5)  6-tert- 
butyl-p-cresol;  6)  control  experiment.  A)  Tars,  mg/100  ml; 

B)  time,  hours. 
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TABLE  24 

Antioxidant  Effectiveness  of  Dihydroxynaphthalenes 
and  Their  Ethers  and  Homologs  on  Addition  to 
Thermal-Cracking  Gasoline  [22] 

(Antioxidant  concentration  0.025$) 


1 


HlKNCNOMKHe 


ItMJtyxaUOH' 
MMi  RCpIOX. 


1 


HlUtyKttKOH- 
nuI  npiM, 
2  Ml, 


3  1.2-ZliiOKcmia<J)TMHH . 

4  I  ,3-illlOKCII  M  .  .  . 

5  2>MeTIM*l,4<JlHOXCHH«^rMim 

6  l,5-fll<OKCIIIia<j)TMHH  .  .  .  . 

7  1  ,6-Hmok  cii iiMlrrajiH  m  .  .  .  . 
8 'l,7*JlllOXCHXa$TlflHH  .  .  .  . 
Q  l.S-iliioxcmia^TMHM  .  .  .  . 

10  2^-/Iiiokchii«J)tmhh  .  .  .  . 

11  2.6-AltOKCHHa$TMHH  .  .  .  . 

12  2,7'AitoxcHHajrnuiHH  .  .  .  . 

13  I  “OKCII  -2-MtTIIJI  *4  -MCTOKC II  • 

HKjtTMMH . 


40 

5 

0 

itto 

305 


ll 

K 

19 


1315  20j 

1,0  21 
10  22! 

750 

45  23 
too 


l-OKCH-5-WeTOKCHH*trrWMH  . 
l*OKCii'5'}TOKCiiiiaitiTanmi  .  . 

1- OKCII-7-MCTOKCIIII*t)Ta^MH  .  . 

2- 0KCIf-6‘MCT0tCliH«<|>TMHH  .  . 

2-Oxcii-I*mctokchr«|>tmhh  . . 

1- 0KCH-6-MCTOKCHIia4)TMHH  .  . 
l'OKCM'&MCTOKCHHajrrUlltH  . 

2- OKCH-3-MCTOKCHII«t)TanHH  . 
1  -Me  TO  KC 11-4-0  KC  HAH  rHApO- 

H<l|)T2AHH . 

1  •MeTOKCH-5-OKCii*5, 6,7,8- 
TerparHApoii«|rrMHH  .  .  . 


815 

700 

805 

3G5 

00 

155 

20 

25 

780 

850 


1)  Name;  2)  induction  period,  minutes;  3)  1,2- 
dihydroxynaphthalene ;  4)  1,3-dihydroxynaphthalene; 

5)  2-methyl-l,4-dihydroxynaphthalene;  6)  1,5- 
dihydroxynaphthalene ;  7)  1,6-dihydroxynaphthalene; 

8)  1,7-dihydroxynaphthalene;  9)  1,8-dihydroxynaph- 
thalene;  10)  2,3-dihydroxynaphthalene;  11)  2,6- 
dihydroxynaphthalene ;  12)  2,7-dihydroxynaphthalene; 

13)  l-hydroxy-2-methyl-4-methoxynaphthalene;  14) 
l-hydroxy-5-methoxynaphthalene;  15)  l-hydroxy-5- 
ethoxynaphthalene;  16)  1 -hydroxy-7 -methoxynaphtha- 
lene;  17)  2-hydroxy-6-methoxynaphthalene;  18)  2- 
hydroxy-l-methoxynaphthalene;  19)  l-hydroxy-6- 
methoxynaphthalene;  20)  l-hydroxy-8-methoxynaph- 
thalene;  21)  2-hydroxy-3-methoxynaphthalene;  22) 
l-methoxy-4-hydroxydihydronaphthalene;  23)  1- 
methoxy-5-hydroxy-5, 6,7, 8-tetrahydronaphthalene . 

Figure  46  shows  the  influence  of  the  nature  and  quantity  of  the 
additives  on  the  induction  period. 

Among  the  additives  tested,  p-butylaminophenol  is  the  most  ef¬ 
fective. 

Copper  deactivators  are  added  to  the  antioxidants  to  improve 
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Fig.  46.  Influence  of  nature 
and  quantity  of  additives  on 
induction  period  of  jet  fuel 
with  cracking  products.  1)  p- 
butylaminophenol;  2)  N,N' -di¬ 
sec  -p-butyl-p-phenylenedlamlne  : 
5}  butylated  4-methoxyphenol; 

4)  2,6-dl-tert-butyl-p-cresol; 

5)  6-tert-butyl-p-cresol.  A) 
Induction  period,  minutes;  B) 
antioxidant  content,  %  by 
weight. 


their  effectiveness.  Thus,  the  deactivator  disalicylidene-1, 2-propane - 
diamine  (0.0013#)  is  added  to  p-butylaminophenol  (0.0033#), 

Other  additives  Included  in  the  fuel  to  improve  its  storage  sta¬ 
bility  and  to  prevent  formation  of  deposits  on  heating  are  listed  in 
Table  25  together  with  anticorrosion  additives  [23,  24]. 

6  Stability  of  Jet  Fuels  at  High  Temperatures  (Thermal  Stability) 

[b,  23,  25-251  ‘ 

In  contemporary  reaction-thrust  engines  —  turbojet,  ramjet,  and 
liquid  rocket  engines  —  the  fuel  is  used  to  cool  the  engine,  and  in 
turbojet  engines  it  is  also  used  to  cool  the  oil  of  the  engine  system. 

The  fuel  in  the  tanks  of  an  aircraft  may  be  heated  at  high  flight 
speeds.  Thus,  at  an  altitude  of  11  km,  the  temperature  attained  on  de¬ 
celeration  of  the  air  at  the  surface  of  the  aircraft  may  reach  the  fol- 
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lowing  values  at  various  flight  speeds: 

1200  km/hr .  30°C 

2400  km/hr .  130°C 

3600  km/hr .  330°C 


Fig.  47.  Variation  of  fuel  temperature  in  fuel  sys¬ 
tem  of  jet  engine  as  a  function  of  flight  speed. 

1)  Transport  pump;  2)  filter;  3)  fuel-oil  radiator; 
4)  pump;  5)  throttling  valve;  6)  distributor;  7) 
nozzle;  8)  starting  igniter;  9)  barostat;  10)  prim¬ 
ing  pump;  11)  fuel  tank.  A)  Flight  speed,  km/hr; 

B)  fuel  temperature,  °C;  c)  aluminum  AL-4;  D)  cock; 


E)  brass  L-02;  F)  AL-4;  G)  oil;  H)  copper;  I  St. 
ShKh-15;  J)  aluminum  AL-4;  K)  St.  12KhN3A;  L)  bronze 
VB-24;  M)  lead-indium  coating;  N)  cadmium  coating; 

0)  cadmium  coating;  P)  bronze;  Q)  St.  25;  R)  brass 
L-62;  S)  bronze;  T)  St.  12KhN3A;  U)  brass  L-62;  V) 
brass  LS-59-1;  W)  aluminum  AL-4;  X)  St.  l8KhN6A; 

Y)  St.  ShKh-15;  Z)  St.  30KhGSA;  A1)  St.  38KhA;  B') 
St.  ShKh-15;  C')  St.  15;  D')  St.  Khl5N. . .  [illeg¬ 
ible];  E'  St.  KhVG. 


In  passing  through  the  engine's  fuel  system,  the  fuel  is  heated 
by  about  another  100  .  The  variation  of  fuel  temperature  in  the  fuel 
system  of  a  jet  engine  as  a  function  of  flight  speed  is  shown  in  Fig. 

47. 
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TABIxE  25  (Continuation) 


130 


Key  to  Table  25 


1)  Name;  2)  formula;  3)  concentration,  4)  use;  5)  antioxidant  addi¬ 
tives;  6)  butyloctadecylamine;  7)  dibutyloctadecylamine;  8)  mixture  of 
alkylamines;  9)  N-lauryl  butylenediamine  stearate;  10)  p-phenylenedi- 
amine;  11)  N,N' -dimethyl -p-phenylenediamine ;  12)  N, N' -diisopropylene - 
p-phenylenediamine ;  13)  cyclohexylphenyl-p-phenylenediamine;  14)  N,N'- 
dl-sec-butyl-p-phenylenedlamlne;  15)  hexamethyltriamino-2, 4, 6-methyl - 
enephenol;  16)  S-benzylthiourea;  17)  l,3-dihexyl-5-nitro-5-propylhexa- 
hydropyrimidine ;  18)  for  gasolines;  19)  same;  20)  for  cracking  gaso¬ 
lines;  21)  for  gasolines  with  cracking  component;  22)  for  kerosenes; 
23)  metals  deactivators;  24)  disalicylidene  ethylenediimine;  25)  sali- 
cylidene  aminophenol;  26)  additives  to  reduce  scaling;  27)  aliphatic 
amines  with  one  or  more  alkyl  groups  ci4_c].8*  2®)  primary  aliphatic 
amines;  29)  tertiary  aliphatic  amines  Cg-C20;  30)  formaldehyde  imines; 
31)  aminoalcohols  with  6-20  carbon  atoms;  32)  for  distillates  boiling 
in  range  from  200  to  400°;  33)  for  fuels  containing  cracking  compo¬ 
nents;  34)  for  distillate  fuels;  33)  for  fuels  boiling  above  150°;  36) 
dimethylalkylbenzylsulfoethyl  ammonia;  37)  monoether  of  polyethylene 
glycol  and  fatty  acid  C12  to  C22;  38)  2-amino-4-normal  propyl-6-dode- 
cylphenylamino-l,4-dihydrotriazine;  39)  anticorrosion  additives;  40) 
cyclohexylamine  salt  of  alkylsulfaminoacetic  acid;  4l)  alkylphenol 
mixed  with  carboxylic  acid;  42)  dialkoxydiaminosilane;  43)  diethyl 
thiourea;  44)  dibutyl  dithioacetate;  45)  products  of  reaction  between 
aliphatic  amines  and  acids;  46)  antiscaling  and  anticorrosion;  47)  to 
prevent  plugging  of  fuel-feed  system  in  aviation  gas  turbines;  48)  for 
gasolines;  49)  inhibits  corrosion  of  iron;  50)  inhibits  corrosion  of 
copper  components;  51)  inhibits  corrosion  of  nonferrous  metals. 
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By  thermal  stability  of  a  fuel,  we  mean  minimum  tendencies  on  the 
part  of  the  fuel  toward: 

1)  formation  of  insoluble-particle  deposits  that  may  plug  the 
fuel  filters  in  air-breathing  engines,  with  a  resulting  drop  in  fuel 
flow  rate; 

2)  depositing  a  dense  film  of  tars  on  the  cooled  surfaces  of  the 
engine.  This  reduces  the  cooling  effect  and  may,  in  liquid-fuel  rocket 
engines,  where  the  combustion  temperature  is  very  high,  result  in  the 
wall  of  the  engine  burning  through. 

The  formation  of  resinous  substances  and  deposits  takes  place  as 
a  result  of  the  effects  of  elevated  temperatures  and  atmospheric  oxy¬ 
gen  on  the  fuel. 

One  of  the  factors  resulting  in  formation  of  precipitates  is  com¬ 
posed  of  the  oxidation  processes  of  the  most  reactive  sulfurous  and 
nitrogenous  substances  and  the  condensation  processes  of  tars  that  are 
soluble  in  the  fuel.  Bicyclic  aromatic  compounds  -  naphthalene  and  Its 
derivatives  -  may  be  sources  of  deposit  formation. 

Several  techniques  have  been  developed  for  investigation  of  the 
thermal  stability  of  fuels  [6]. 

The  first  method  is  based  on  heating  the  fuel  at  temperatures  up 
to  150°  (temperature  deviation  +0.5°)  in  a  glass  container  with  air 

given  free  access.  Plates  made  from  the  metals  with  which  the  fuel 

>• 

comes  into  contact  in  the  engine  and  having  the  dimensions  40  x  10  x  2 
mm  are  suspended  in  the  container.  The  fuel  container  communicates 
with  the  atmosphere  through  a  reflux  container.  The  fuel  is  agitated 
during  the  six-hour  test  period. 

After  the  test,  the  fuel  is  cooled  and  filtered  through  a  No.  4 
glass  filter.  The  insoluble  deposits  remain  on  the  filter,  are  washed 
off  with  isopentane,  dried  to  constant  weight,  weighed,  and  the  result 
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Pig.  48.  Formation  of  soluble 
tars  and  deposits  in  T-l  fuel 
at  various  temperatures,  l) 
Formation  of  actual  resins, 
mg/100  ml  of  fuel;  2)  forma¬ 
tion  of  deposits,  ml/100  ml  of 
fuel;  3)  acidity,  mg  of  KOH 
per  100  ml  of  fuel.  A)  mg/100 
ml  of  fuel;  B)  temperature  of 
fuel,  °C. 


converted  to  the  weight  of  the  insoluble  residue  in  milligrams  per  100 
ml  of  fuel. 

A  second  technique  has  been  developed  for  testing  thermal  stabil¬ 
ity  to  a  temperature  of  150  or  300°  under  pressure  in  a  bomb  or  glass 
container. 

A  method  for  testing  fuels  at  elevated  temperatures  with  continu¬ 
ous  passage  of  air  has  been  proposed. 

The  investigations  carried  out  indicated  that  almost  all  fuels 
have  their  scale-formation  and  tar -accumulation  maxima  at  a  tempera¬ 
ture  of  about  130-1500,  after  which  the  deposition  of  solid  particles 
diminishes.  This  will  be  evident  from  Fig.  48. 

Another  apparatus  for  evaluating  the  thermal  stability  of  fuels 
reproduces  the  fuel  system  of  a  supersonic  aircraft  (Fig.  49). 

The  fuel  to  be  tested  is  poured  into  the  tank  of  the  experimental 
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apparatus,  from  which  it  is  pumped  under  a  pressure  of  10  atmospheres 
and  at  a  rate  of  1. 8-2.0  kg/hr  through  a  special  filter  with  20-p, 
pores.  Before  the  filter,  the  fuel  is  heated  to  a  temperature  of  150  . 
The  difference  in  pressures  before  and  after  the  filter  changes  aB  de¬ 
posits  are  built  up  on  its  surface.  In  this  method,  a  fuel  is  regarded 
as  stable  if  the  pressure  difference  does  not  exceed  50  mm  of  mercury 
after  five  hours. 

According  to  the  USA*s  specifications  for  gas-turbine  fuel,  a 
fuel  is  regarded  as  stable  if  the  maximum  pressure  difference  does  not 
exceed  305  mm  of  mercury  after  five  hours  of  pumping  the  fuel,  which 
4  has  been  heated  to  149°,  through  a  filter  whose  temperature  is  held  at 
204°  at  a  rate  of  2.7  kgAr. 

Deposits  formed  by  various  fuels  in  thermal-Btability  determina¬ 
tions  are  listed  in  Table  26. 

The  composition  of  the  deposits  formed  is  of  considerable  inter¬ 
est.  Research  has  shown  that  the  oxygen  content  amounted  to  20-50$  and 
that  of  sulfur  5  to  10$.  This  indicates  that  the  deposits  were  formed 
chiefly  by  the  soluble  tars  and  oxygen  and  sulfur  compounds  in  the 
fuel.  Thus,  the  quantity  of  sulfur-containing  compounds  reaches  1-1.2$ 
in  TS-1  fuel  when  analysis  shows  a  sulfur  content  of  0.2  to  0.25$. 

The  sediment  represents  a  product  of  profound  oxidative  trans¬ 
formation  of  low-stability  hydrocarbons  and  sulfur,  oxygen  and  nitro¬ 
gen  compounds.  They  form  as  a  result  of  oxidation  of  these  compounds 
by  atmospheric  oxygen  and  subsequent  condensation  of  the  oxidation 
products  to  resinous  and  then  to  solid  encrustations. 

Sediment  compositions  are  given  in  Table  27. 

The  composition  of  the  ash  includes  metals,  for  the  most  part  cop¬ 
per,  in  quantities  ranging  from  20  to  65$.  The  metals  enter  the  de¬ 
posits  as  a  result  of  corrosion. 
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Pig.  49.  Diagram  of  apparatus  for  determining  ther¬ 
mal  stability  of  fuels.  1)  Tank;  2)  pump;  3)  motor; 
4)  coll;  5)  filter;  6)  thermometer;  7)  fuel  flow¬ 
meter;  8,9)  reducing  valves;  10,11)  heater  or 
cooler. 


TABLE  26 


Sedimentation  and  Tarry  Deposits 
Formed  by  Fuels  In  Determination 
of  Thermal  Stability  at  120° 


1  ToflANtO 

2  OfipaDoo.iiine  ocaxKon, 

Mil  100  Mi 

z 

OtipuoiaiiKc 

OT/IOMCI'N*, 
MilM • 

3 

MCTJIJMft 

4  'Tajik 

X-IS 

^  SpOHM 

T-l 

5 

’ 

7 

2'. 

1000' 

T-2 

8tc-i 

7.  Hct 

2 

7  Hct 

1200 

9  KpeKimr 
xepociiH 

18 

22 

32 

1500 

l)  Fuel;  2)  sedimentation,  mg/100 
ml;  3)  without  metal;  4)  Kh-l8 
steel;  5)  bronze;  6)  deposit 

formation,  mg/m2;  7)  none;  8) 
TS-1;  9)  cracking  kerosene. 


Characterization  of  the  thermal  stability  of  the  fuels  based  on 
tests  run  with  this  apparatus  gives  a  correct  comparative  evaluation 
of  their  behavior  in  the  engine,  as  will  be  seen  from  the  following: 
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TABLE  27 

Composition  of  Sediments  Precipitated 
on  Heating  Fuels  to  150° 


1  TofMXM 

2  Coctm  OCIJKOI,  < 

X 

C 

11 

S 

N 

0 

aojia 

"  T-l 

33,73 

3,41 

5,00 

1,03 

46,56 

7,28 

4  TC-1 

20, 10 

3,36 

8,14 

0,67 

49,68 

7,05 

1)  Fuel;  2)  sediment  composition, 

3)  ash;  4)  TS-1. 

Time  for  increase  of  Time  after1  which  fil- 

pressure  difference  to  ter  blocks  up  in  air- 

50  mm  Hg  craft 

25  min . 3  hours 

100  min . . . 8  hours 

There  are  several  possible  ways  of  producing  fuels  that  possess 
high  thermal  stability: 

1)  elimination  of  chemically  active  sulfur  and  resinous  substances, 
which  contribute  to  the  formation  of  deposits; 

2)  selection  of  the  most  favorable  hydrocarbon  composition,  which 
will  include  the  most  stable  hydrocarbons; 

3)  introduction  of  additives  that  improve  the  thermal-oxidation 
resistance  of  the  fuels; 

4)  introduction  of  additives  that  disperse  precipitates  to  a 
state  in  which  they  are  not  trapped  by  the  filter. 

Purification  of  aviation  fuels  with  sulfuric  acid,  sulfuric  anhy¬ 
dride,  or  adsorbents  (silica  gel,  aluminum  oxide)  and,  in  particular, 
hydrolytic  purification  Improve  the  thermal  stability  of  fuels. 

Thus,  when  aviation  kerosene  was  purified  with  sulfuric  acid,  its 
thermal  stability  was  raised  from  100  to  300  minutes,  and  selective 
extraction  of  sulfur-containing  and  resinous  compounds  with  liquid 
sulfuric  anhydride  raised  it  from  100  to  200  minutes. 

Vapor-phase  purification  of  another  batch  of  fuel  over  aluminum 


oxide  raised  its  thermal  stability  from  30  to  245  minutes. 

Hydrolytic  purification  is  regarded  as  the  most  effective  method 
of  purifying  aviation  fuels. 

In  the  USA,  preference  is  accorded  to  this  method.  In  that  coun¬ 
try  in  1958,  the  total  plant  capacity  for  hydrolytic  purification  came 
to  over  53  million  tons,  and  by  1962  it  is  expected  to  reach  about  95 
million  tons. 

Another  possible  way  of  reducing  deposit  formation  is  the  intro¬ 
duction  into  the  fuel  of  additives  that  inhibit  oxidation  processes, 
since  the  formation  of  insoluble  tars  is  a  consequence  of  oxidation 
processes. 

Additives  that  reduce  deposit  formation  may  be  classed  into  the 
following  groups. 

1)  Aliphatic  amines,  for  exangjle 

Ri 

I 

R-C-NH,, 

I 

R 


where  R  is  a  radical  from  CgH^  to  C20H4l  and  Ri  ls  a  CH3  or  rad" 
ical. 

2)  Formaldimines  of  the  type 


H 


f  CHA 

CH.-C-  N 
^  CH,/„ 


■  CH„ 


where  n  =  1  to  6. 

3)  Condensation  products  formed  by  triethanolamine  with  alcohols 
or  fatty  acids  and  other  compounds  containing  amino  groups. 

Experimental  testing  of  various  additives  —  embracing  over  100 
compounds  -  Indicated  that  the  most  effective  are  aliphatic  amines 
from  C^q  to  C^qJ  additives  belonging  to  the  triethanolamine  group  and 
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TABLE  28 


Influence  of  Additives  on  Thermal 
Stability  of  Fuels  at  120°  in  Contact 
with  Bronze  Plate  [23] 


1  TlpiicaflK* 


2  *#pxy#a 


Ortp.nona-  3 

line  ocjak*. 
A'.'/ 1 00  Mi 


krTotmoo  T-2  i  cmccu  e  30%  KpcKum-KOMmcHma 


6  Bcj  npilCSAKII  ..... 

7  An <i<l>aTii <icc kmc  imiiiiu 

Ci#  —  Can . 

8  ncWllliTII.ICIIISO.IHAMIIU  .  . 

9  twib  TpioTanoJiaumia  » 

JKlipilUX  KHCAOT  .  .  .  . 


(R)sN 

[(HjNCjlUNHCiHi— )aNHi 
(HOC»M«)jN-liOOCR 


1 

G 

2-3 


i 

5  Touauoo  TC't,  codcpmupe  0,045%  nepKar\manooou  cepu 
10  Bc3  npucaAKii 


11  AJ1ll(|>aTII<JCCXIIC  3MIIHU 

Ci#  —  C#o  1  .  •  •  ■ 

12  MoiiorcKCiiJiaiuiAHu  .  . 

13  Amiihosthamkhjihmiia- 

aaoaHH  . . 


(R)#N 
HaC - N 

I  11 

H»d  C  -R 

\n/ 

I 

CjII.NHj 


20 

3 

4 


1)  Additive;  2)  formula;  3)  formation 
of  deposit,  mg/100  ml;  4)  T-2  fuel 
mixed  with  30$  of  cracking  component; 
5)  TS-1  fuel  containing  0.045#  of 
mercaptan  sulfur;  6)  no  additive;  7) 
aliphatic  amines  C10  to  C^;  8)  poly- 

ethylenepolyamine ;  9)  salt  of  tri¬ 
ethanolamine  and  fatty  acids;  10)  no 
additive;  11)  aliphatic  amines,  C10 

to  C^Q;  12)  monohexylanillne;  13) 

aminoe thylalkylimidazoline . 


Fig.  50.  Microphotographs  of  deposits  formed  by 
JP-4  turbojet  fuel  before  and  after  heat  treatment, 
l)  Fuel  before  heating;  2)  fuel  after  heating;  3) 
fuel  after  heating  in  presence  of  0.02#  of  dis¬ 
persing  additive. 
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TABLE  29 

Thermal  Stability  of  T-l  Fuel  at  150°  during 
2-Hour  Test  In  Presence  of  0.05$  of  Additive 
[30] 


1  npn«a*K» 


6  5c)  npiicaAKt: 

7  2-AnHHO-4-nponnJi<{>CHOJi 


8  2-AMMMO-4-rp«T.6ymn(|>CH<Mi 


9  2'AMHHO*4*TpeT.»MlUI(J)eH(WI 


2  OopuyAA 


OH 


h-NH, 


C,H, 

OH 

I 

-NH, 


% 
I  I 


10  2.6-iliiaMHH0-4-TpeT.6ym<jxsi»wi 


C*H, 

OH' 

I  • 

A-NH, 


T 


Kmnicctso  OCA*- 
XS.  Mil  1 00 


dea  MeraMt 


CaH,, 

OH 

I 

h»n-Q-nh, 

A.h, 


7.7 

2.8 


1,3 


1.0 


3,7 


J  C  MOftMOft 
nxacTXHKoA 


8,3 

5,1 


3,9 


2,5 


2.0 


1)  Additive;  2)  formula;  3)  quantity  of  de¬ 
posit,  mg/100  ml;  4)  without  metal;  5)  with 
copper  plate;  6)  without  additive:  7)  2- 
amino-4-propylphenol;  8)  2-amlno -4-tert- 
butylphenol;  9)  2-amlno-4-tert-amylphenol; 
10)  2 . 6-dlamlno-4-tert-butylphenol. 


incomplete  esters  of  monobasic  alcohols  with  fatty  acids  show  lower 
effectiveness. 

The  influence  of  additives  on  deposit  formation  in  fuels  is  shown 
in  Table  28. 

Another  group  of  additives  that  reduce  deposit  formation  is  the 
amylaminophenols.  The  results  of  using  these  additives  at  150°  in  the 
presence  of  copper  plates  are  shown  in  Table  29  [30]. 

Thus,  the  alkylaminophenols  reduce  deposit  formation  considerably 
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in  T-l  fuel. 

Another  trend  taken  in  improving  the  quality  of  fuel  as  regards 
deposit  formation  is  the  introduction  into  the  fuel  of  special  dispers¬ 
ing  additives  that  prevent  precipitation  of  the  deposits  in  the  form 
of  large  particles  and  an  insoluble  tar,  and  remain  in  the  fuel  in  the 
form  of  very  finely  dispersed  particles  that  are  easily  filtered  with¬ 
out  plugging  the  filter. 

Figure  50  shows  microphotographs  of  deposits  of  JP-4  fuel  prior 
to  heat  treatment,  after  heat  treatment  in  the  absence  of  dispersing 
additives,  and  with  0.02$  of  a  dispersing  additive. 

The  experiments  were  run  on  a  special  apparatus  that  simulates 
the  application  of  the  fuel. 

Most  stable  with  respect  to  tar  formation  are  fuels  produced  by 
hydrolytic  cracking  (e.g.,  JP-5  fuel),  which  are  stable  for  a  rela¬ 
tively  long  time  at  200-250°  [8]. 

The  stability  of  fuels  can  be  raised  by  thorough  purification 
with  sulfuric  acid,  sulfuric  anhydride  and  adsorbents,  such  as  activ¬ 
ated  aluminum  oxide,  and  by  hydrolytic  purification  [31,  32]. 
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[Footnote] 


script 
Page 
No. 

118  Pentamethylphenol  has  also  been  proposed  as  an  effective 
antioxidant. 


Chapter  3 


HYDROCARBON  COMPOSITION  AND  PHYSICOCHEMICAL  PROPERTIES  OP 
CRUDE  PETROLEUM  FOR  THE  PRODUCTION  OP  REACTION  FUELS 

— •  Composition  of  Petroleums  and  Gasoline-Kerosene  Fractions  from  the 
Direct  Distillation  of  Petroleum  - 

Petroleums  from  various  districts,  as  well  as  products  from  the 
heat  treatment  of  petroleum  distillates  and  residues  serve  as  the 
basic  raw  material  for  the  production  of  reaction  fuels.’ 

The  yield  of  fuel  from  petroleum  depends  in  great  measure  on  the 
properties  of  the  petroleum  and  the  requirements  which  are  imposed  on 
the  fuel  with  respect  to  fractional  composition  and  pour  point.  The 
hydrocarbon  composition  of  the  gasoline-kerosene  fractions  of  the  pe¬ 
troleum  affect  the  quality  of  the  fuels,  as  do  the  content  and  type  of 
the  sulfur  compounds.  The  potential  quantities  of  reaction  fuels  in 
petroleum  are  determined  by  the  fractional  composition  of  the  petroleum 
and  the  properties  of  the  hydrocarbons  boiled  over,  approximately,  be¬ 
tween  65  and  300  .  Conventional  kerosene  fractions  are  used  for  the 
production  of  reaction  fuel;  gasoline  fractions  are  used  in  the  case 
Ox  fuels  exhibiting  an  expanded  fractional  composition. 

Table  30  presents  the  characteristics  of  the  petroleums  from 
various  deposits.  Particular  attention  should  be  devoted  to  the  yield 
of  fractions  boiling  over  below  300°,  i.e.,  the  150-300°  fractions 
which  determine  the  potential  availability  of  fuels  in  the  given  petro¬ 
leum.  However,  the  yield  of  fuel  from  the  petroleum  cannot  be  esti¬ 
mated  unless  the  actual  pour  points  are  taken  into  consideration.  The 
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TABLE  30 

Characteristics  of  Petroleums  from  Various  De 
posits  [1,  2] 


1  He$Tk 

LJlOTCIIlUiaJbHOQ  COACD4UHUC 

p  aftn.  % 

|ao  tse*|  ISO— 200*  (•  J00-J00*|ro  300* 

8  HiuhmCicbckj*  ...  .  . 

7  PaHoH  Bmopoto  Batty 

1  0,87  1  -20  1  2,68  ' 

15 

9 

16 

40 

9  TyfiMUiuiCKiK  (yr/itHoc* 

HSK  CDiITt) . 

0,89 

-20  .3,2 

10 

6 

17 

33 

10  TyAMatmicMR  (acbohckir) 

0,85 

-59  1,5 

17 

.8 

16 

41 

11  MyCOBCMR  ....  .  .  .  . 

0,94 

-30  5,9 

19  I 

7 

12 

38 

13  yXTHJICKaK  (III  ropHMHT) 

12. 

1  0,93 

yxmuHCKui  paiOH 

|  -20  |  1,24  | 

1  -  1 

1  — 

1  10 

1  10 

15  CypaMHCxiR  (o6ukhomH‘ 

•  .  ‘  *<a«)  . . 

16  BHiiaraAHHCxaa  ...  .  . 

14 

0,85 

BattuHCKud  paiOH 

-  0,15 

t 

31 

39 

0,86 

-  0,33 

— 

25 

— 

29 

18  napatpHHHCTM . 

17  r pOSHCHCKUU  paiOH 

1  -  1  -  I  0,2  I 

26 

36 

19 Becnapa^iiHHCTan. .  . 

1  -  1 

1  -  1  0,33  | 

24 

— 

21floccopcKa«  HCtpTfc  (I  ro- 

PH30HT)  | 

20 

0,837 

9u6tHCKu  i  paiOH 

-50  |  0,18  | 

-1 

I 

.30  . 

-  1 

45 

1)  Petroleum;  2)  density;  3)  pour  point,  °C;  4) 
sulfur  content,  $;  5)  potential  content  of  frac¬ 
tion,  $;  6)  up  to  150°;  7)  Second  Baku  Rayon  [Dis¬ 
trict];  8)  Ishimbay;  9)  Tuymazy  (Carboniferous 
strata);  10)  Tuymazy  (Devonian);  11)  Chusovoy;  12) 

Ukhta  Rayon  [District];  13)  Ukhta  (Ill-rd  level); 

14)  Baku  District;  15)  Surakhany  (conventional); 

16)  Binagadl;  17)  Qrozno  District;  18)  paraffin- 
base  petroleum;  19)  nonparaffin-base  petroleum; 

20)  Emba  District;  21)  Dossor  petroleum  (I-st 
level). 

sulfur  content  is  also  a  significant  characteristic,  since  it  in  great 
measure  determines  the  quality  of  the  fuel  obtained  from  the  petroleum. 

It  follows  from  Table  30  that  the  potential  content  of  fractions 
boiling  over  below  300°  does  not  exceed  40$  in  the  majority  of  cases, 
and  the  content  of  the  kerosene  fraction  (150-300°)  does  not  exceed  25$ 
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TABLE  31 

Group  Composition  of  Kerosene  Fractions  from  Pe¬ 
troleums  of  Various  Deposits  [1,  2] 


2C6Acp*»m»c  yr«iitt*opoA«*  »#  ♦ptxumn.  % 


^  ii.i  pa<I>ii  iionue 

ii.i4>tIiiorm« 

5  »p< 

»M4TII'ICCKMC 

150-200* 

n 

O 
•  1 
c* 

i 

o 

o 

N 

• 
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o 
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o 
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e 

o 

w 

1 

p 

9 

• 

o 

m 

M 

i 

9* 

250—300* 

150—200* 

200—250* 

• 

o 

o 

rt 

1 

e 

9 

w 

6  CaKUHCKui  pauoH 


CypaxaHCKM  (oKSopnan) 
Bii6ii>A6aTcm . 


10  napa4>HHIIC™ . 

11  Bccnap«})HHHCTaii  .  .  .  . 


1 17 

GS 

45 

GG 

44 

30 

17 

IS 

1  7.9 

10,1 

10,  G 

GO 

51 

42 

12 

22 

9'  r POMCHCKUU  pailOH 


57 

59 

61  29 

23 

22 

.14 

18  1 

24 

11 

8  55 

63 

59 

21 

26  I 

1G 

27 


17 

33 


12  3m6chcku&  pauoH 

13  floccopCKa*  (lopcKaa)  .  .  |  16  |  28  |  20  |  80  |  64  |  68  |  4  |  8  |  12 

a 

l4  PaHoH  Dmopoco  Boxy 


15  HuiiiMGacBCKaa  ... 

16  TyfiMa3HiiCK.m  ...  . 


49 

38 

41 

28. 

1  35  ' 

26'  1 

23 

27 

33 

58 

50 

37 

21 

25 

40  ! 

21 

25 

23 

1)  Petroleum;  2)  content  of  hydrocarbons  in  the 
fractions,  fa,  3)  paraffinic;  4)  naphthenic;  5)  aro¬ 
matic;  6)  Baku  District;  7)  Surakhany  (top  grade); 
8)  Bibieybatskaya;  9)  Grozno  District;  10)  paraf¬ 
fin-base  petroleum;  11)  nonparaffin-base  petroleum; 
12)  Emba  District;  13)  Dossor  (Jurassic);  14)  Sec¬ 
ond  Baku  District;  15)  Ishlmbay;  16)  Tuymazy. 


TABLE  32 

Group  Composition  of  Fractions  from 
Various  Petroleums  Boiling  over  below 
200°  [2] 


1  Hafrra 

2  Coacpmihko  yr/tcooAopoaon,  % 

ppOMATIIHCCKIIC 

HA$TCI(OIU, 

■4 

„  Mcraiioouo 

6  HuiHMGaencKan . . . 

3 

1G 

24 

j 

60  • 

7  TyfiMa3iuiCKa(i . 

'  10 

21 

C9 

8  MycoocKaa . 

46 

24 

30 

9  CuapaucKaa  ...  ., .  .  . 

15 

27 

58 

10  ByrypycjiaiicKan . 

23 

15 

62 

1)  Petroleum;  2)  content  of  hydrocar 
bons,  fa,  3)  aromatic;  4)  naphthenic; 
5)  methane;  6)  Ishimbay;  7)  Tuymazy; 
8)  Chusovoy;  9)  Syzran';  10)  Buguru- 
slan. 
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TABLE  33 

Characteristic  of  Kerosene  Distillates  of  Petro¬ 
leum  [1-3] 


1  llctrk 


12  TyiiMMmicxa*  (yraciiociiaa 
cnma)  . . 


13  Tyi'ina; 

14  Mycouc 


{  <Pp.iKUHOnnufl  eocrat, 

naoruocru  C(wcp*a.  R  *C 

tluxctf  <t>p.1KllllA 

5  ha  uc4>n.,  % 

2  3  6  "•  *• 

7k.k.  1 

AO  K.  K. 

L»».  h.-ao 

3  200* 

10  PauoH  Bmopoco  Bokij 
,0,827  1,0  169 

• 

310 

25,3 

21 

0,824  1,84  165 

312 

27,7 

24 

0,817  0,71  ISO 

290 

28,5 

20 

0,876  2,00  165 

311 

23,3 

20 

15  3MdckCKui  pauoH 

0,836  -  I  150 

314  I 

50  I 

20 

0,869  0,02  1  215 

280  | 

-  j 

18  CpednM  Adum 

0,84  |  -  |  .  154  | 

313  | 

30  | 

20,5 

1)  Petroleum;  2)  density,  at  20°;  3)  sulfur  con¬ 
tent,  4)  fractional  composition,  °C;  5)  yield 
of  fraction,  of  petroleum;  6)  start  of  boiling; 
73  end  of  boiling;  8)  prior  to  end  of  boiling;  9) 
start  of  boiling  below  200°;  10)  Second  Baku  Dis¬ 
trict;  11)  Ishimbay;  12)  Tuymazy  (Carboniferous 
strata);  13)  Tuymazy  (Devonian);  14)  Chusovoy;  15) 
Emoa  District;  16)  Dossor;  17)  Makat;  18)  Central 
Asia;  19)  Nebit-Dag.  ' 


TABLE  34 

Content  of  Sulfur  and  Sulfur  Compounds  in  Frac¬ 
tions  ^ar^°US  ^etr°leums  Boiling  below  200° 


CoAcpma- 
M1IC  ccpw, 

2  % 


10  HujiiMCacDCKaa .  0,92 

11  Tyi'iMa3iiiicKaH  (yraewocnad 

CBiiTa) . •.  0,45 

12  TyitMa3HHCKaa  (AeBOHCKaa)  , .  ,0,80 

13  Mycoocxas .  0,390 

14  ByrypywiaHCxaa  ...  ...  0,02 


Ccp.1  II  CCpHIICTWC  COCA M HCII HR, 


ccpooo*  mcmcii 
.AOpOA  JaP,ia" 


Cll*  MCP* 
as  Man¬ 
ia  3  tauu 


0,52  32,G 
17,6  22,6 


1)  Petroleum;  2)  sulfur  content,  3)  sulfur  and 
sulfur  compounds,  #;  4)  hydrogen  sulfide;  5)  ele- 
mentary  sulfur;  6)  mercaptans;  7)  disulfides;  8) 
sulfides;  9)  residual  sulfur;  10)  Ishimbay;  11) 
Tuymazy  (Carboniferous  strata);  12)  Tuymazy  (Devon¬ 
ian);  13)  Chusovoy;  14)  Buguruslan. 


-  147  - 


of  the  petroleum. 

The  group  composition  of  the  kerosene  fractions  of  petroleums 
from  various  deposits  is  presented  in  Table  31*  while  the  group  com¬ 
position  of  the  fractions  boiling  over  below  200°  is  presented  in 
Table  32.  The  content  of  aromatic  hydrocarbons,  in  the  majority  of  the 
kerosene  fractions,  does  not  attain  20$  and  only  rarely  exceeds  25$. 

The  characteristic  of  the  kerosene  distillates  of  the  petroleums 
is  presented  in  Table  33.  In  the  petroleums  of  the  Second  Baku,  the 
sulfur  content  is  quite  substantial  and  exceeds  the  conventional  norms 
for  reaction  fuels. 

For  turbo jet -engine  fuels,  sulfur  compounds  represent  some  danger, 
primarily  from  the  point  of  view  of  the  corrosion  of  the  fuel-feed 
system  which  consists  of  component  parts  made  of  nonferrous  metals. 

With  a  high  sulfur  content  in  the  fuel,  and  particularly  in  the  case 
of  active  sulfur  compounds  (mercaptans)  this  equipment  may  break  down. 

Consequently,  the  content  of  sulfur  in  a  reaction  fuel  and,  in 
particular,  the  nature  of  the  sulfur  compounds  are  of  great  importance. 

Tables  34  and  35  present  the  group  compositions  of  sulfur  com¬ 
pounds  in  isolated  petroleum  fractions  and  crude  petroleums. 

The  most  aggressive  portion  of  the  petroleum  sulfur  compounds  are 
the  mercaptans  and  elementary  sulfur.  Hydrogen  sulfide,  which  is  it¬ 
self  quite  aggressive,  is  easily  flushed  out  through  alkali  rinsing. 

The  composition  of  the  sulfur  compounds  of  the  petroleums  includes 
elementary  sulfur  S,  mercaptans  RSH,  the  sulfides  of  the  aliphatic 
series  R-S-R  and  of  the  aromatic  series  Ar-S-Ar,  disulfides  R-S-S-R, 
cyclical  sulfides  (CH2)nS,  thiophenes,  thiophanes,  and  other  more  com¬ 
plex  cyclical  compounds. 

The  sulfides  isolated  from  the  petroleum  represent  a  mixture  of 
cyclical  sulfides  with  five  and  six  members  in  the  cycle,  among  which 
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TABLE  35 


Group  Composition  of  Sulfur  Compounds  in  Kerosene 
Fractions  (200-300°) 


'.lll«4>ri, 

3  Cccraii  ccpiiiicrux  cotaihioim A.  % 

Co,vp*.v 
HMC  Crpu. 

2  '■ 

1 

cepnmt- 

^Aopoa 

1  MfMCII* 

I  Tallinn 

5tc|w> 

MCP* 

H.in« 

^TAIIU 

AW 
eyai.- 
Jfr  »AM 

1 

^  »h>lAU 

HCf.l- 

Tii'iuan 

gcrpa 

10  I  tiiiHMCnonCKaii . 

2,20 

21,9 

0,9 

84 

7,3 

11,8 

50,4 

12  lllopCHH 'K.ltl . 

0,fi2 

8,90 

5,0 

0,4 

2,0 

0,0 

71,0 

13  TyuMajiiitcKaii  (AcnoiiCKan)  . 

0,703 

— 

4,2 

— 

0,029 

37,4 

54,0 

14  Cyrypyc.naiiCKnn  .  .  ... 

1.77 

2,8 

1,1 

2,00 

11,3 

1,1 

81,5 

15  CtaiiponanbCKaH . 

0.957 

O/i  10 

2,40 

0,522 

1,50 

30,03 

04,07 

l)  Petroleum;  2)  sulfur  content,  3)  composition 
of  sulfur  compounds,  4)  hydrogen  sulfide;  5) 
elementary  sulfur;  6)  mercaptans;  7)  disulfides; 

8')  sulfides;  9)  residual  sulfur;  10)  Ishimbay;  11) 
Shor-Su;  12)  Tuymazy  (Devonian);  13)  Buguruslan; 
14)  Stavropol'. 


TABLE  36 

Sulfur  Compounds  in  the  Kerosene  of  Iranian  Petro¬ 
leum  [4] 


1  Cocamiicniio 

T.  Kiin.,  •  C 

2 

3  CoCflHIICIIHG 

. 

^T.  Kim.,  *C 

5  2-McTIIATIIOmiKAOnCHTAH  . 

132  14 

2-3TIIA-5-NCTHATIIOmiKAOneH- 

173 

6  3-McTHATIIOmiKAOnCHTan  ,  .  . 

137 

Tail . 

7  TllOUHKAOrCKCAH . 

141  15 

2,3,4-T pUMCTIIATtlCHllCH  .... 

175-178 

8  2,4-JJllMCTII.nTIIOUlllUIOnCHTail  . 

148  16 

3-aTIIA-2,4-AIIMCTIIATIIO<J>CII  .  , 

187-191 

9  2-McTiiATiiomiKAorcKcaH  .  .  . 

153  IT 

8-Tno0imilKAO-(3 ,2 , 1  )-0KT3ll-  . 

187-191 

10  2,3,5-T ptIMCTHATHOUHKAOnCU* 

18 

4-3tiia-2,3-ahmctimtiio(|icii  .  . 

193 

Tan . . 

156  19 

2,3,4 ,5-TcTpaMCTHATiioi|)Cii  .  . 

— 

ll3-3TiiATiiomiKAonciiTaH  .  .  . 

150  20 

1-TnoniApnnAan . 

209-210 

12  3,4-fliiMCTiiATiiomiKAoreKcan 

164  21 

BmiiiKAimccKiie  cyauJiiiAU  .  . 

210-212 

13  2,4,4-TpiiMCTiiATHomiKAoneii- 
Tan . 

22 

171 

TcTpa33McmeHiibie  thcxJichu  . 

213-227 

l)  Compound;  2)  boiling  point,  °C;  3)  compound;  4) 
boiling  point,  °C;  5)  2-methylthiocyclopentane;  6) 
3-methylthiocyelopentane;  7)  thiocyclohexane;  8) 
2,4-dimethylthiocyclopentane;  9)  2-methyl thiocyclo¬ 
hexane;  10)  2,3,5-trimethy.lthiocyclopentane;  11) 
3-ethylthiocyclopentane;  12)  3>4-dimethylthiocyclo- 
hexane;  13)  2,4,4-trimethylthiocyclopentane;  l4) 
2-ethyl-5-methylthiocyclopentane;  15)  2,3,4-trl- 
methyl thiophene;  16)  3-ethyl-2, 4-dimethyl thiophene; 
17)  8-thiobicyclo-(3,2, l)-octane;  18)  4-ethyl-2,3- 
dimethylthiophene;  19)  2,3>4,5-tetramethylthio- 
phene;  20)  1-thiohydrindane;  21)  bicyclic  sulfides; 
22)  tetrasubstituted  thiophenes. 
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we  find  thiocyclopentane,  thiocyclohexane,  and  their  homologs.  Spec¬ 
tral  investigations  indicate  the  presence  of  mono-,  di-,  and  tri- 
cyclical  sulfides  in  the  sulfur  compounds  of  the  petroleums. 

The  homologous  series  of  cyclical  sulfides  having  the  general 
formula  (CnH2n)S  includes  members  ranging  from  C^HgS  (boiling  point, 
140°)  to  ClQH36S  (boiling  point,  290-295°). 

In  the  gasoline  fractions  from  direct  distillation,  mercaptans 
with  the  radicals  C^-Cg  predominate,  and  this  can  be  illustrated  by 


the  following  data  [3]: 

Boiling 

Content,  in  $ 

point,  °C 

in  gasoline 

ch3sh 

20 

4 

c2h5sh 

39 

6 

CgE^SH 

68 

13 

C^SH 

98 

19 

iso-C5HnSH 

116-118 

18 

CgH^Stt 

142 

40 

Moreover,  homologs  from  methyl-  to  hexyl-sulfide  exist  among  the 
sulfides,  as  well  as  more  complex  compounds  of  this  series. 

Thiophene,  2-  and  3-niethylthiophenes,  2-  and  3-ethylthiophenes, 
2,3-  and  3, 4-dime thylthiophenes  have  been  found  in  the  petroleums  and 
the  products  of  their  heat  treatment. 

Cyclical  and  polycyclical  sulfides  (Table  36)  have  been  found  in 
the  kerosene  of  Iranian  petroleum. 

In  the  132°  fraction,  in  addition  to  the  cyclical  sulfides,  there 
are  5 0 %  aliphatic  sulfides;  however,  in  the  156-164°  fractions  the  con¬ 
tent  of  these  does  not  exceed  7-9$,  and  they  are  completely  absent  in 
the  higher  fractions.  Polycyclical  sulfides  in  quantities  of  20-40$ 

(of  the  total  sulfur  content)  are  contained  in  the  193-228°  fractions 
and  in  quantities  of  40-60$  in  the  228-249°  fractions. 
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2.  Composition  of  Fuel  Fractions  from  the  Products  of  the  Heat  Treat- 
ment  of  Petroleum  and  golld  Fuels 

a)  Products  of  cracking  and  pyrolysis 

Cracking  products  serve  as  an  additional  source  of  reaction  fuels. 

For  example,  26-30#  gasoline  and  10-12#  kerosene  fractions  are  obtained 

in  the  thermal  cracking  of  petroleum  residue.  The  utilization  of  the 


TABLE  37 

Group  Composition  of  Gasolines  and  Kerosenes  Pro¬ 
duced  by  Thermal  and  Catalytic  Cracking 


• 

flpcaCAH 

KHIIdllltl, 

^  *c 

2 

* 

3  rpynnoeoA  cocno,  % 

lnpOjyKT 

ncn  pc • 
jACAWIUC 

apoMaTii* 

_  1CCKIIC 

5 

HJ^TCMO- 

6 

iisonapa* 
^Miioaue  | 

ffOpMMIt* 

,  kmc  nnpa- 
J  4>mionuo 

9KpcKHiir-Ccii3UH  ...  .  .  . 

GO— 200 

25,5 

14,7 

9.4 

53,3 

lOKpCKimr-Kcpocmi . 

100-240 

17 

24,4 

22,8 

.  23,4 

12,4 

♦  •  •  •  • 

05-293 

19,4 

23,0 

28,6 

60 

llKpeKimr-^tirpomioDan  (Jjpax- 
mm  KaTaaimmccKoro  Kpc- 
Kmira . 

1G5-203 

4 

12KpcKi(iir-6cii3im  KaxaJiHTii- 
■iccKoro  Kpcioiiira . 

_ 

0,3 

28,40 

9—13 

46- 

-55’ 

13  rasofWfc  KaTaaiiTHMCCKoro 
xpcKMiira . 

200-300 

0,3 

21,7 

27,6 

23,4 

20 

1)  Product;  2)  boiling  range.  °C;  3)  group  compo¬ 
sition,  #;  4)  unsaturated;  5)  aromatic;  6)  naph¬ 
thenic;  7)  isoparaffinic;  8)  normal  paraffinic; 

9)  cracking  gasoline;  10)  cracking  kerosene;  11) 
cracking-ligroin  fraction  of  catalytic  cracking; 

12)  cracking  gasoline  from  catalytic  cracking; 

13)  catalytic-cracking  gas  oil. 


gasoline-kerosene  cracking  distillate  makes  it  possible  to  expand  the 
potential  supply  of  reaction  fuels.  The  catalytic-cracking  gas-oil 
fractions  used  for  this  purpose,  exhibiting  a  boiling  range  from  200 
to  300°,  would  also  be  of  some  interest. 

Thermal-cracking  gasoline  and  kerosene  fractions  differ  from  the 
similar  products  of  direct  distillation  primarily  in  the  content  of 
olefinic  hydrocarbons.  Table  37  presents  the  group  composition  of  the 
thermal-cracking  kerosenes  and  gasolines. 

At  the  same  time,  the  unsaturated  compounds  of  the  cracking  dls- 
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TABLE  38 


Composition  of  Cracking-Kerosene 
Fractions  [7] 


■i 

I 

1? 

II 
12 
13 


llriOKaMrCAM 

2  1  ♦iMKUIIH.  'C 

S 

w 

1 

0 

200-250 

250—300 

MOJIIIOC  MlltflO  . . 

51,8 

28,7 

24,3 

MaiCKy^npuuil  dcc . 

12C 

152 

178 

rpynnoooA  cocraD,  % 

MCnpCAMliHlilC . 

25,6 

17,1 

17,0 

apoMftTimccxiie . 

.  0,3 

20,6 

31,1 

iiai|)Tciionuc . 

27,1 

27,4 

30,0 

napiujmiiouMC  .  .  .  .... 

40,8 

34,0 

21,9 

Como  oji cannon,  % 

miK/iiniccKiic . 

2,4 

2,4 

Mii(|)aTimccKiic . 

4,7 

1,2 

ipOUaTHMCCKIIC . 

19 

16 

15 

1)  Indicator;  2)  fractions,  °C;  3) 
iodine  number;  4)  molecular  weight; 
5)  group  composition,  6)  unsat¬ 
urated;  7)  aromatic;  8)  naphthenic; 
9)  paraffinic;  10)  composition  of 
olefins,  11)  cyclical;  12)  ali¬ 
phatic;  13)  aromatic. 


tillates,  in  terms  of  their  structure  in  the  basic  mass,  cannot  be 
identical  to  the  olefins  of  the  aliphatic  series. 


For  example,  V.S.  Gutyrya  and  his  co-workers  [5],  established  the 
presence  of  unsaturated  hydrocarbons  of  cyclical  structure  in  the 
cracking-  and  reforming-gasolines,  in  addition  to  the  aliphatic  ole¬ 
fins.  A.V,  Topchiyev  and  I. A.  Musayev  et  al.  [6]  demonstrated  that  the 
olefins  of  the  aromatic  series  are  contained  in  the  cracking  gasolines. 

G.M.  Mamedaliyev  and  F.D.  Rzayeva  [7],  in  investigating  the  com¬ 
position  of  cracking  kerosenes,  detected  aromatic  hydrocarbons  with  an 
olefin  bond  in  the  side  chain.  The  composition  of  the  cracking  kero¬ 
sene,  according  to  the  data  from  these  authors,  is  presented  in  Table 
38. 


By  means  of  the  method  of  selective  hydrogenation  it  has  been  pos¬ 
sible  to  demonstrate  that  the  basic  mass  of  the  unsaturated  cracking- 
kerosene  hydrocarbons  consists  of  the  olefins  of  the  aromatic  series, 


*> 
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since  the  hydrogenation  products  contain  primarily  aromatic  hydrocar¬ 
bons.  For  example,  in  the  200-250  and  250-300°  fractions,  prior  to  hy¬ 
drogenation,  there  were  17#  olefins  and,  respectively,  20  and  31#  aro¬ 
matic  hydrocarbons;  after  the  complete  hydrogenation  of  the  olefins, 
the  content  of  aromatic  hydrocarbons  increased  to  36  and  46#,  respec¬ 
tively. 

Consideration  of  the  nature  of  the  olefins  in  the  products  of  the 
thermal  processing  of  the  petroleum  is  of  great  significance  in  evalu¬ 
ating  the  reaction  capacity  and  stability  of  the  olefins. 

From  the  standpoint  of  expanding  the  available  supply  of  reaction 
fuels,  it  would  be  expedient  to  include  the  kerosene  fractions  of 
thermal  and  catalytic  cracking  into  the  reaction  fuels. 

The  pyrolysis  products  {at  temperatures  between  600  and  700°)  of 
the  kerosene  and  similar  distillates  of  petroleum  may  be  regarded  as 
possible  raw  material  for  the  derivation  of  reaction  fuels,  if  we  take 
into  consideration  that  the  unsaturated  hydrocarbons  exhibit  high  re¬ 
action  capacity  with  respect  to  nitric  acid. 

In  the  pyrolysis  of  kerosene,  we  obtain  tar  which  is  distilled 
into  three  basic  fractions: 

Oil  Specific  weight 

Light  (to  170-190°) .  0.84-0.87 

Medium  (190-240°) .  0.900 

Scrubber  (240-300°) .  O.950 

Benzene,  toluene,  xylene,  and  unsaturated  hydrocarbons  are  con¬ 
centrated  in  light  oil.  This  oil  is  rectified  and  the  following  are 
separated:  the  head  fraction  (below  73° )>  benzene  (73-83°),  toluene 
(108-113°),  and  xylenes  (122-150°).  The  aromatic  hydrocarbons  separated 
in  this  case  contain  an  additional  substantial  quantity  of  unsaturated 
compounds  which  are  then  removed  by  means  of  sulfuric -acid  rinsing. 
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TABLE  39 

Chemical  Composition  of  the  Benzene -Head 
Fraction,  Boiling  over  below  50° 


1  yrjieiMopox 

2  Oopny,n 

T. 

K  HU.. 

^  ‘C 

Kcwinhc* 

2-MeTiuuSyreii-2 . 

CH,  —  C.  <=i  CII  —  Cll, 

38,4 

'  1 

2*Menui6yTeH'l . 

CH, 

Cllj  —  CH*  —  C  bx  Clla 

31 

J 

17  • 

flCHTCII'l . .  .  . 

neiiTeii>2 . 

| 

CII, 

CUt=CII— CII,— CH,— CH, 
CHr-CIUCII-CH,-CH, 

40 

38 

;42 

9  UmuioneHTMHCH . 

10  rieHTUHeii'1,3 . 

11 2<Menwi0yraAi<CH>l  ,3  .  .  . 


HC 

H<! 


:CH 

CH 


CH,=CH— CH =CH— CH, 
H|C---C— HC«CHj 


41-42 


5-6 


42 

34 


3-7 

10-12 


CH, 


1)  Hydrocarbon;  2)  formula;  3)  boiling  point, 
OC;  4)  quantity,  in  5)  2-methylbutene-2; 

6)  2-methvlbutene-l;  7)  pentene-1;  8)  pen- 
tene-2;  9)  cyclopentadiene;  10)  pentadiene- 
1,3;  11)  2-methylbutadiene-l,3. 


TABLE  40 

Characteristics  of  Remaining  Benzene -Head 
and  Light  Oil  Fractions 


1  .  npOpyKT 

H.  k„  *C 
_2 _ 

K.  k.»  *C 

3 

OCC 

CpOMKOC 

^MCVIO 

^rjicnoAopoAM 

7  BCH30VlkH3H  rOAODKl 

34 

GO 

76 

250 

c, 

GO 

75 

84 

168 

C.-C, 

75 

87 

90 

75 

C.-C, 

8jIcrKoc  wacjio 

GO 

87 

02 

140 

c, 

87 

100 

112 

•  115 

c. 

100 

140 

132 

71 

Cio 

• 

140 

100 

153 

• 

32 

Cn— Q, 

1)  Product;  2)  start  of  boiling,  °C;  3)  end 
of  boiling,  °C;  4)  molecular  weight;  5)  bro¬ 
mine  number;  6)  hydrocarbon;  7)  benzene  head; 
8)  light  oil. 


After  the  separation  of  the  benzene  and  toluene  fractions,  there 
remains  a  substantial  quantity  of  intermediate  byproduct  fractions 
rich  in  aromatic  hydrocarbons.  In  the  wastes  there  remain  fractions 
which,  when  mixed  in  appropriate  ratios,  yield  a  gasoline  which  exhib- 
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its  high  anti-knock  properties.  The  latter  is  added  to  the  direct- 
distillation  gasoline  in  order  to  increase  its  anti-knock  stability. 

By  changing  the  pyrolysis  regime,  the  gasoline  may  be  obtained  not  as 
a  byproduct  but  as  the  main  product  of  the  petroleum  pyrolysis.  How¬ 
ever,  the  rinsing  of  the  pyro-gasoline  with  sulfuric  acid  involves 
great  losses,  since  a  substantial  Quantity  of  the  unsaturated  hydro¬ 
carbon  is  lost  in  this  case. 

When  the  pyro-gasoline  is  used  as  a  propellant  component  in  liq¬ 
uid  rocket  engines,  the  removal  of  the  unsaturated  hydrocarbons  may 
prove  to  be  undesirable.  The  low  stability  of  such  a  propellant,  cap¬ 
able  of  introducing  complications,  may  be  increased  by  means  of  inhib¬ 
itors. 

The  first  runnings  (head  fraction)  of  light  oil  contain  some  6(# 
unsaturated  hydrocarbons  consisting  of  amylenes  and  hexylenes,  and  a 
smaller  quantity  of  diene  hydrocarbons.  There  is  some  4(#  benzene  in 
this  fraction. 

The  benzene  head  is  capable  of  auto- oxidation  in  air,  i.e.,  of 
combining  slowly  with  oxygen.  This  indicates  its  high  reaction  capacity. 
The  chemical  composition  of  the  benzene  head  is  extremely  complex  and 
has  not  as  yet  been  fully  clarified.  The  amylene  fraction  of  the  ben¬ 
zene  head,  boiling  over  below  50°,  has  the  composition  shown  in  Table 
39- 

The  composition  of  the  benzene  head  and  light  oil  is  character¬ 
ized  by  the  following  data: 

The  Benzene  Head 


Fractional  composition 

start  of  boiling,  °C .  34 

50$,  distilled  below .  75° 

end  of  boiling,  °C .  87 

density .  0.80 
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Bromine  number . 

\ 

Molecular  weight . 

Contains,  % 

unsaturated . 

amylenes  and  pentadienes. 

hexylenes . 

benzene . 

Light  Oil 

Fractional  composition 

start  of  boiling,  °C . 

50#  distilled  below . 


152 

82 

75-80 

52 

18 

25-30 


60 


.  110” 

end  of  boiling,  UC .  190 

Density .  0. 84 

Bromine  number .  98 

Content  of  unsaturated  hydrocarbons,  <f>. .  '90 


On  the  whole,  the  benzene  head  and  the  light  oil,  with  respect  to 
fractions,  have  the  characteristics  shown  in  Table  40. 
b)  Polymer-gasolines 

The  polymer  gasolines,  obtained  by  the  polymerization  of  gaseous 
olefins  (propylene,  butylenes)  and  partially  by  the  polymerization  of 
the  olefins  of  the  head  cracking-gasoline  fractions  (amylenes),  may  be 


TABLE  4l 


Polymer-Gasoline  Characteristics 


1 

ripouecc  nOAHMCPHSillMH 

2 

<$paxi(iioimuA  cocrat,  *C 

* 

CpOM- 

II.  K. 

30% 

50%  ' 

70%, 

00%  4  x.  x. 

p/IOTHOCT^ 

5  \ 

*-  iioe 
)  111M0 

rio/iiiMepiiaauHfl  npomiflewa  j 

1 

36 

120 

135 

153 

190 

222 

125 

ricVlMMepH3aUHH  fiyTliaCHOD 

(oKTii/ieiionaa  c^paKunn)  . . 

08 

107 

108 

110 

111 

_ 

0,72 

OOmaa  nonxMcpHaamui  oae- 
(j}ll HOD  Cj  —  G . 

■*»  » 

32 

93 

106 

126 

164 

200 

0,71 

127 

1)  Polymerization  process;  2)  fractional  composi¬ 
tion,  °C;  3)  start  of  boiling;  4)  end  of  boiling; 
5)  density;  6)  bromine  number;  7)  polymerization 
of  propylene;  8)  polymerization  of  butylenes  (oc- 
tylene  fraction);  9)  general  polymerization  of 
olefins  C^-C^. 
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TABLE  42 

Hydrocarbon  Composition  of  the  Polymers  of  Pro¬ 
pylene,  Butylenes,  and  Amylenes  [8] 


X  IlCXOAHUC 

yr«»o*opoflu 


5  TlponiiJicti 


6  HaofiyTiiflcn  + 
npomijicii 

'  7  nccBfloOyriiACH 
(6yTcii-2) 

8  IljoCyTH.neii 


9.  HwOynMcii  + 
h.  Cyriiacii 


10  H3o6ynwitH  + 
lOOMIMieil 


11  Haoaviifleu 


2  Aimcpu 


TpxMepu 


4t< 


CTptMCPM  H  nCN- 
Tauepw 


2-McTiwnciiTcn-l  12 
■S-AVrnuneiiTCii-l  13. 

2.3- ill«MCTH.-|0yTCII>l  14 

2.3- /IiiMCTii/i6yTcii-2  15 
2-McTii.mciiTcw-2  15 
3*McTiwnciiTcii-2  if 

4.4- Jl»klCTIIVinCHTCM-ll8 

2.3- HiiMCT)unciiTCK*2l9 

3.4- JliiMCTii.ircKCCH-220 


2.4 .4- T  piiMCTiw  ncHTCii- 1 

2.4 .4- TpiiMCTiMnciiTCH-2 


3-3tiw-4,4-ahmctiui 
ncirrcii*2  31 

3,4,5-TpiiMeTMJircK* 
ccii-4  32 

BepooTiio,  npucyT' 
CToywT  3,4>ammc- 
TiuircnTcii-3  u  2,4-' 
AHMcnwrenTCH-3 

33 


2.4.4.6.6- neirrauef 
TiwrcnTcn-3  34 

2.4.4.6.6- nciiTaMe> 

2P  Tii/ircnTeH-I  35 


3.4.4- TpiiMCTiwncnicii-2 

2.3.4- TpiiMCTHAnciiTcii  24 

2.3.5- TpiiMCTiiJireKccn-F^ 
2,2-/lllMCTHA-3-3TIMnCH-  , 

rcii-3  26 

2,3,4 ,4-TcTpaMeTKJircx* 
cc.i-2  •  27 

3.5.5- TpMMeTH.ircnTcn-3  2  ) 
3,8,o-Tpii«CTiwrenTcii-2  2\ ) 

3.4.5.5- feTpaMeiHAreK-  3  ) 
cch-2 


2^2, 4,4,6, 6-ncnTaMC- 
TiMrcnTen-2  36 


l,l-iImiconcHTiiA> 
STHaen  .  37 

I 


2,4 ,4 , 6,6,8, 8*rcn- 
TaMCTii.nioiien-1 
ti  ncMiioro  2,2,6,6- 

TCT  ppMCTMA -4*IICO- 
nciiTiwrciiTcna-3 
(0  nciiTaMcpc  co* 
ACpwaTCR  TOJIbKO 
(pop Mill  CADOltllOl'l 
CUHSblO  D  KOIIUC 

MoncKyAu)  ■  33 


lL  ^  1  hyd?ocarhr^  2)  dJjners^  3)  trlmers;  4)  tetramers  and  penta- 
o?r°S?1?nei  isobuJylene  +  propylene;  7)  pseudobutylene 
(butene-2) ;  8)  isobutylene;  9)  isobutylene  +  low  butylene;  10)  lso- 
butyiene  +  isoamylene;  11)  isoamylene;  12)  2-methylpentene-l;  13)  4- 
methyipentene-1;  14)  2,3-dlmethylbutene-l;  15)  2.3-dimethylbitene-2; 

lo  pTd?mpfhv?enef2j  17J  3-methylpentene-2;  l8j  4,4-dlmethylpentene-l; 
19)  2  3-dlmethylpentene-2;  20)  0, 4-dime thy lhexene-2;  21)  2,4.4-tri- 
methylpentene-1;  22)  2,4,4-trimethylpentene-2;  23)  3,4,4-triiiethylpen- 

25)2,3,5-trimethylhexene-2;  26) 


methylhexene-4;  33)  probably,  there  are  3,4-dimethylheptene-3  and  2,4- 

present;  34)  2,4.4,6.6-pentamethylheptene-3;  35) 

11  ,^^7pentanixt^yiue?^ene”1^\3^'i  2>4,4,6,6-pentamethylheptene-2; 

2>4,4,6,6,8,8-heptamethylnonene-l  and 
some  2,2,6,6-tetramethyl-4-neopentylheptene-3  (the  pentamer  contains 
only  shapes  with  a  double  bond  at  the  end  of  the  molecule). 


regarded  as  a  source  for  increasing  the  available  supply  of  reaction 
fuels.  The  composition  of  industrial  polymers  is  a  function  of  the  type 


-  157  - 


of  raw  material  used  and  of  the  process  designation. 

Table  4l  presents  the  characteristics  of  industrial  polymer- 
gasolines. 

The  polymer  gasoline  of  the  total  polymerization  (olefins  C^Hg  + 

+  C^Hg)  is  not  subject  to  hydrogenation,  since  after  hydrogenation  the 
octane  number  of  the  gasoline  diminishes  as  a  result  of  the  fact  that 
the  polymer  contains  olefins  that  have  little  branching. 

The  polymer  gasoline  of  the  total  polymerization  to  93-95#  con¬ 
sists  of  olefins  with  a  small  admixture  of  other  hydrocarbons  (0.5-1# 
aromatic  hydrocarbons  and  3*5-6#  paraffins  and  naphthenes),  which  are 
formed  as  a  result  of  the  hydro-dehydropolymerization. 

The  polymerization  of  propylene  by  phosphoric  acid  at  160°  and 
10  atm  makes  it  possible  to  obtain  a  polymer  of  the  following  composi¬ 
tion:  c6h12,  5#;  c9Hl8,  50#;  c12h24,  25#;  >c12,  20#. 

At  higher  temperatures  and  pressures,  the  process  can  be  directed 

% 

toward  the  primary  formation  of  dodecylene  which  is  used  as  a  semi¬ 
finished  product  for  the  production  of  synthetic  detergents. 

We  can  reach  some  conclusion  as  to  the  composition  of  the  polymers 
of  propylene,  butylenes,  and  isoamylenes,  on  the  basis  of  data  from  a 
number  of  Investigators,  said  data  presented  in  Table  42. 

The  polymer  gasolines  cannot  be  regarded  as  basic  components  of 
reaction  fuels;  however,  they  may  be  included  in  the  over-all  supplies 
of  reaction  fuels. 

c)  Products  of  the  treatment  of  solid  fuel 

The  products  which  result  from  the  treatment  of  shales  and  coals 
during  the  semicoking  process  may  be  regarded  as  possible  components 
of  reaction  fuels. 

The  semicoking  process  of  shales,  lignite,  and  coal  is  carried 
out  at  a  temperature  below  550-600°,  as  a  result  of  which  up  to  15-20# 
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tar  is  produced  from  the  shales,  and  10-15#  tar  is  produced  by  the 
semicoking  of  lignite  and  coal,  with  approximately  50#  of  the  tar  boil¬ 
ing  over,  during  distillation,  below  350°. 

The  chemical  composition  of  the  tar  is  extremely  complex.  There 
are  hydrocarbons,  oxygen-bearing  sulfur  and  nitrogen-bearing  compounds 
in  the  composition  of  the  tar.  The  total  content  of  oxygen-bearing 
compounds  reaches  50#,  of  which  up  to  20#  is  made  up  by  phenols.  The 
sulfur-compound  content  ranges  between  10-20#,  and  the  content  of 
nitrogen-bearing  compounds  does  not  exceed  2#.  Approximately  30-35#  of 
the  shale  tar  is  made  up  of  hydrocarbons:  unsaturated,  paraffinic, 
naphthenic,  and  aromatic.  The  phenols  are  contained  in  the  fractions 
that  boil  over  primarily  above  300°;  the  hydrocarbons  predominate  in 
those  fractions  boiling  over  below  300°. 

The  unsaturated  hydrocarbons  predominate  in  the  hydrocarbon  frac¬ 
tion  (up  to  60-65#)  of  the  shale  tar.  There  are  also  diolefins  in 
small  quantities.  The  content  of  naphthenic  and  aromatic  hydrocarbons, 
together,  does  not  exceed  16-20#. 

The  chemical  composition  of  the  middle  fraction  of  the  shale  tar, 
according  to  Ball's  data  [9]  is  given  in  Table  43. 

The  shale-tar  fraction  which  boils  between  90  and  300°  contains 
up  to  40#  olefins  and  cycloolefins. 

In  the  hydrogenation  of  petroleum  residues,  lignite,  and  coal  un¬ 
der  a  pressure  of  300-600  atm  (the  required  pressure  is  selected  on 
the  basis  of  the  type  and  composition  of  the  raw  material),  and  at  a 
temperature  of  450-500°,  the  yield  of  liquid  fuels  amounts  to  60-70#. 

Here  we  will  obtain  high-quality  distillates  which  can  be  used  as 
the  raw  material  for  the  derivation  of  fuels  for  air-reaction  engines, 
and  the  only  problem  here  is  the  extent  to  which  it  is  economically 
feasible  to  produce  this  fuel  by  means  of  hydrogenation. 
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3.  Structure  and  Physicochemical  Properties  of  the  Hydrocarbons  of 
Fuel  Fractions  L 10 ,  11] 

The.  hydrocarbons  which  enter  Into  the  compositions  of  the  gaso¬ 
line,  and  in  particular,  of  the  kerosene  fractions  of  the  petroleum 
determine,  in  first  order,  the  low-temperature  properties  of  the  fuels 
and  the  fuel  yield  from  the  petroleum.  For  example,  the  pour  point  of 
a  reaction  fuel  to  a  great  extent  is  determined  by  the  content  of  par¬ 
affinic  hydrocarbons  which,  given  an  identical  number  of  carbon  atoms, 
in  comparison  with  the  naphthenic  and  aromatic  hydrocarbons  exhibit 
the  highest  melting  points. 

Thus,  for  example,  the  C ^  hydrocarbons  have  the  following  melt¬ 
ing  points : 


n.  Pentadecane  C-^H^g. . +9*  8 

Cyclopentyldecane  C-^H^q . “23.5 

l-Methyl-4-octylbenzene  C^Hg^ . -26.5 


However,  the  structure  of  the  hydrocarbons  within  the  limits  of 
one  and  the  same  homologous  series  and  mole’cular  formula  has  a  signifi¬ 
cant  effect  on  the  melting  point. 

The  paraffinic  hydrocarbons  of  normal-  and  iso-structure  differ 
markedly  between  one  another  in  terms  of  melting  point  (Table  44). 

The  isoparaffins,  in  comparison  with  the  paraffins  of  normal 
structure,  exhibit  extremely  low  melting  points.  However,  exceptions 
to  this  rule  do  occur,  when  the  structure  of  the  molecule  of  the  iso¬ 
structure  attains  maximum  symmetry. 

For  example,  the  melting  point  of  n.  octane  is  -56.8°;  of  3-meth- 
ylheptane,  -120. 5° J  of  tetramethylbutane,  which  is  a  solid  hydrocarbon 
having  a  melting  point  of  +100.6°. 

Table  45  presents  a  summary  of  the  changes  in  melting  points  for 
paraffinic  hydrocarbons  as  a  function  of  the  number  of  carbon  atoms  in 
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TABLE  44 

Melting  Point  of  Paraffinic  Hydro¬ 
carbons  of  Normal-  and  Iso-Structure 


1  yrMMWPM 

2T.  m..  *c 

3  T.  mm.,  *C 

4  H.  flCIUH  . . 

-  20,6 

174,1 

5  2-Men  uiiiohih  ...  ...... 

\-74,$ 

•  167,0 

6  3-McnuiHOHiH  .  ..... 

•  •  -  84,8 

:  167,8 

7  5-MeTHJIHOHIH . 

■  -  86,4 

‘  165,1 

8  2,7'iIllMCTIUIOKTaH  ...... 

•  -  54,6 

* ;  159,8 

9  2.2,6-TpiiMCttuircnTiH  ...  .  . 

•  -105 

148,9 

10  H.  AoACKIH  .  .  •  .  . . 

-  0,6 

1  216,2 

11  3-3nuiAOACKj)ii  . . . 

-  71 

201,5 

12  4,5-AllSTHAOKTaH . 

-  70 

•  192-194 

5-3  «.  TdpaACKaH . . 

+  5,5 

253,6 

14  2,11-fliiMCTwiAOAeKan  .  .  i  .  . 

-  8,5 

244 

15  4,5-Annpomi^oKTaH . 

<-  80 

220 

lo  11.  TeKcaACKaH . 

+  15*1 

287 

17  2-McTtuineiiTaACKaH . 

-  22,3 

267 

;l8  5,7-fliuTiuiAOACKaH . . 

<-  80 

254 

19  7,8-fliiMeTHJiTCTpaACKaH  ...  . 

-  70. 

:  267—260 

20  11.  OiaaACKaH . . 

+  28.1 

317,5 

21  O-MaiiArenTaAexaH . 

-  8 

— 

22  3,12-flnjTiuTeTpaacKaH  ...  . 

<-  30 

— 

23  7,8-AiuTHflTtTpafleKaH  ...  .  . 

-  36 

1)  Hydrocarbon;  2)  melting  point,  °C;  3)  boiling  point,  °C; 

4)  n.  Decane;  5)  2-Methylnonane;  6)  3-Methylnonane;  7)  5- 
Methylnonane ;  8)  2, 7-Dime thyloctane;  9)  2,2,6-Trlmethylhep- 
tane;  10)  n.  Dodecane;  11)  3-Ethyldodecane;  12)  4,5-Diethvl- 
octane;  13)  n.  Tetradecane;  14)  2, 11-Dime thy ldodecane;  15) 
4,5-Dlpropyloctane;  16)  n.  Hexadecane;  17)  3-Methylpenta- 
decane;  18)  5,7-Diethyldodecane;  19)  7, 8-Dime thyltetradecane; 
20)  n.  Octadecane;  21)  9-Methylheptadecane;  22)  3, 12-Diethyl - 
tetradecane;  23)  7, 8-Die thyltetradecane. 


TABLE  45 

Melting  Point,  of  Paraffinic  Hydrocarbons  as  a 
Function  of  the  Number  of  Side  Chains 


1  '  1 

Mmcao  btomob  yr^epofli 
a  MOJicxyoe 

2 

T.  nit.,  *C 

'  •  • 

^  npx  nreyic  Cokooux  uenefl 

0 

1  1 

1 

.  2 

3 

t 

.• 

9 

-53,7 

-80-115 

i  '. 

AO  — 120 

10 

-29,7 

-74-98 

-53 

-105 

mm  •  *  *  * 

11 

-25,6 

-93 

— 

— 

mmJ  *  *  ‘ 

12 

—  0,6 

-70 

— 1 

—  ' 

— 

•  .13 

.  “6.2  > 

-65  ■ 

—  • 

.;  .  •  t; 

l)  Number  of  carbon  atoms  in  molecule;  2)  melting 
point,  °C;  3)  number  of  side  chains. 
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the  molecules  and  the  number  of  side  chains. 

Table  46  presents  the  melting  points  of  paraffins  and  olefins  of 
normal  structure.  Given  an  equal  number  of  carbon  atoms,  the  olefins 
have  lower  melting  points  than  the  paraffins. 

The  content  of  paraffinic  hydrocarbons  of  normal-  and  iso-struc- 
ture  in  kerosene  fractions  of  various  petroleums  is  presented  in  Table 
47. 

Since  the  olefins  of  isostructure  have  lower  melting  points,  the 
melting  point  of  the  olefins  diminishes  after  their  isomerization.  For 
example,  in  the  case  of  isomerization,  by  activated  aluminum  oxides, 
of  dodecene-1  (C^gH^),  tridecene  (C-^Hgg),  and  hexadecene-1  (CjgHgg), 
at  300°,  the  following  results  were  obtained  (Table  48). 

The  isomerization  of  normal  paraffins  at  400°  over  a  sulfur  cata¬ 
lyst  results  in  a  reduction  of  the  pour  point  of  the  isomerizate,  de¬ 
pending  on  the  extent  of  isomerization  (Table  49). 

The  melting  point  of  naphthenic  hydrocarbons  with  long  side 
chains  in  all  cases  is  lower  than  the  melting  point  of  normal  paraf¬ 
finic  hydrocarbons  and,  therefore,  the  naphthenic  hydrocarbons  are 

« 

more  desirable  as  components  in  a  reaction  fuel  (Table  50). 

The  content  of  the  naphthalene  homologs  in  the  kerosene  fractions 
of  the  petroleums  being  investigated  amounts  to  approximately  3$  of 
all  the  aromatic  hydrocarbons. 

The  benzene  homologs,  having  equal  numbers  of  atoms  in  the  side 
chains,  can  exhibit  the  greatest  variety  of  melting  points.  For  exam¬ 
ple,  n.  butylbenzene  melts  at  -87.5°;  1,2,3,5-tetramethylbenzene  melts 
at  -23.8°;  and  1,2,4,5-tetramethylbenzene  is  solid  and  has  a  melting 
point  of  +79°.  Naphthalene  is  a  solid;  a-methylnaphthalene  is  a  liquid 
which  solidifies  at  -19°J  P-methylnaphthalene  is  a  solid,  and  2,3-  and 
2,6-dimethylnapthalenes  are  also  solids  which  melt  at  around  100°. 


TABLE  46 

Melting  Point  and  Boiling  Point 
for  Normal  Paraffins  and  Nor¬ 
mal  Olefins 


yr«ci.o«opo* 

1 

T.  iu..  *C 
2 

T.  Kan.,  *C 

_ 

4  ilcKau  . . 

-20, G 

174,1 

5  JleWH'l . 

— C6.3 

170,5 

6  floaexaH  . 

-  0,6 

216,2 

7  flOACUCH-1  . .  .  • 

-33,6 

.  213,3 

8  TerpaacKan  .... 

+  5,5 

253,6 

9  TerpaAcucn-1 .  .  . 

-12,0 

246 

1)  Hydrocarbon;  2)  melting 
point.  °C;  3)  boiling  point, 
°C;  4]  decane;  5)  decene-1;  6) 
dodecane;  7)  dodecene-1;  8) 
tetradecane;  9)  tetradecene-1. 


TABLE  47 

Content  and  Composition  of  Faraffins  in 
Kerosenes 


1  Kcpocnh 

2 

napaiwuu 

CoacpauiiMC,  1 

HOPMC/IUHUC 

napa^MNH 

% 

Kionapa- 

6  TyflMasHHCKiifl  (acoohckiim)  .  . 

55,2 

28,7. 

26,5 

7  KapaiyxypcKiifl . 

50 

13,0 

37,6 

OCypaxaHcxnft  (aerKofi  .Hctpni)  . 

.  14 

0 

14 

l)  Kerosene;  2)  content,  $;  3)  paraffins; 
4)  normal  paraffins;  5)  isoparaffins;  6) 
Tuymazy  (Devonian);  7/  Kara-Chukhur ;  8) 
Surakhany  (from  light  petroleum). 


TABLE  48 

Reduction  of  Melting  Point  in  the  Isomerization  of 


Normal  Olefins 

1  HcxoaiimA 
yrfleaoAOpoA 

DuxoX  KM- 
MCPM9ST3,  V. 

2 

3  T.  a*.,  *C 

noxaaaTcxb 

npe^oM^cicHR 

KaoaAKciia, 

6  "" 

It.  aJIKCH 

4 

M30IJIKCM 

K 

-J. - 

i 

7  Aoacucu-1  ...  ,  .  . . . 

OTpiiACttcu-1  ....  J . 

9reKCfiMUCH-l  . . 

1 )  Initial  hydrocarbo 
3)  melting  point,  °C; 

6)  isoalkene  refract! 

65 

65 

50 

n;  2)  yj 
4)  n.  £ 

on  inde: 

-38,6 
-22,2 
■I*  \ 

Leld  of 
ilkene ; 
20 

c,  nD  ; 

-57 

-58 

-30 

isomerii 
5)  isoa] 

7)  dodec 

1,4233 

1,4265 

1,4420 

sate,  #; 
Lkene ; 

;ene-l; 

8)  tridecene-1;  9)  hexadecene-1. 

-  164  - 


TABLE  49 

Reduction  of  Melting  Point  after  Isomerization  of 
Mixture  of  Normal  Paraffins  ci2H26“Cl6H34 


1  yr«no*opo*u 

T.iu.,*C 

2 

rblOTIIOCTk 

3 

.M 

"D 

BPOMHM 

immo 

Duxft*.  X 

5 . . 

II.  hip^HHU  ...... 

-21 

0,7716 

1,4280 

0 

HxmcpnaaT*.  . . 

-48 

0,7700 

1,4326 

0 

06 

H»napa<Jmiiu . 

-70 

0,7710 

1,4200 

6 

SO 

♦Mixture  of  paraffins  of  normal-  and  isostructure. 
1)  Hydrocarbons;  2)  melting  point,  °C;  3)  density, 
pj  ;  4)  bromine  number;  5)  yield,  6)  n.  paraf¬ 
fins;  7)  isomerizate*;  8)  isoparaffins. 


TABLE  50 

Melting  and  Boiling  Points  for  Naphthenic  and 
Normal  Paraffinic  Hydrocarbons  with  the  Same  Num¬ 
ber  of  Carbon  Atoms 


l*!>CftO  1TOMM 
yrntpofti 

2  Vr/iono/lopoA 

3  T.  nil.,  *C 

J.  Kiin.,  *C 

c, 

5 

H.  Honan . 

-  53,5 

150,7 

c, 

6 

SyTiiviuiiKJionciiTaii . 

-107,9 

15G 

Q# 

7 

h.  AcKaii . 

•-29,6 

174,1 

Ci# 

8 

SyTHA  uitKAorcKca  it . 

-  74,4 

180 

C|3 

9 

K.  TpiiACKaii . 

-  6 

235,5  . 

Ci# 

10 

UmuiorcKciwircnTan . 

-  41 

— 

Ci# 

11 

UmoionciiTiiAOKTaii  . . 

-  44,5 

— 

Cu 

12 

IlcMTajicxai! . 

+  9,8 

2.0,  C 

Ci* 

13 

UlIXAOnCHTIIAACKail . 

-  23 

— 

I)  Number  of  carbon  atoms;  2)  hydrocarbon;  3)  melt¬ 
ing  point,  °C;  4)  boiling  point,  °C;  5)  n.  nonane; 

6)  butylcvclopentane;  7)  n.  decane;  8)  butylcyclo- 
hexane;  9)  n.  tridecane;  10)  cyclohexylheptane; 

II)  cyclopentyloctane;  12)  pentadecane;  13)  cyclo- 
pentyldecane. 

Thus  the  source  for  the  formation  of  crystals  in  a  fuel  at  low 
temperatures  may  be  the  polymethylated  benzenes  and  naphthalenes,  in 
addition  to  the  paraffins  of  normal  structure.  However,  the  content  of 
the  former  in  kerosenes  is  substantially  less  than  of  the  latter. 

Viscosity  is  a  characteristic  on  which  depends  the  pumpability  of 
fuels  at  low  temperatures. 
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TABLE  51 

Viscosity  of  Hydrocarbons  as  Function  of  Their 
Structure 


1  yrMMAOpM 

Pu  yrjie«oaopo*o» 

2 

Oopuyx* 

3 

,T.  xxn.,  *C 

4 

AlMMHICCXa* 

IXlKOCTb 

^  r«.  am 

Oh.  rcfccaii . 

21  riapa<t>iiKU 

C»H|« 

68,7 

0,320 

7h.  OxTan . 

» 

C.H., 

125,6 

0,540 

04 -Mcth/i  reman ...  .  . 

• 

C.H.,  , 

117,1 

0,470 

9dTHJIUHMOreKCJH  .  .  .  . 

12  HatpTCHU 

C,H„ 

131,7 

0,895 

10*‘KcHJI(M . 

23  ApoMamiecxHe 

C.H., 

139,1 

0,615  • 

11h.  flcxan  .  * . 

24  napa<tmxu 

Cull* 

174,1 

0,920 

125-McTwiuoHaii . 

» 

C10H* 

167,0 

0,810 

13Heue»*l . . 

’5  OMIpllHU 

CuH* 

170,5 

0,806 

l4«.  SynuiuiiiuioreKcaH ... 

26  HaijrTCHbi- 

CuH* 

180,9 

1,290 

15 m.  BynutCeiiao*  ...  . 

27  ApOMaTHMeCKHC,  • 

183,8 

1,030 

16h.  neHTaxexaH ...  ... 

28  riapaipHHU 

C»H* 

270,6 

2,860 

172-MeTHVJTrrpaaexaH . .  .  ■ 

1 

Cj»H* 

265,4 

3,330 

l8neiiTaxcuon-l ....  • 

?9  Omi^hhu 

C*H* 

258 

2,500 

19  AcmuiUHK/iorexcaH  .  .  .  . , 

50  HaipTtHU 

C,.H* 

— 

.5,010 

20  M.  HoHIM0(IUM . 

>1  ApoHantHCCKue 

CuH* 

280-281 

3,220 

I)  Hydrocarbon;  2)  hydrocarbon  series;  3)  formula; 

4)  boiling  point,  °C;  5)  dynamic  viscosity,  tj20, 

centistokes;  6)  n.  hexane;  7)  n.  octane;  8)  4- 
methylheptane;  9)  ethylcyclohexane;  10)  m-xylene; 

II)  n.  decane;  12)  5-methylnonane;  13)  decene-1; 

14)  n.  butylcyclohexane ;  15)  n.  butylbenzene;  16) 
n.  pentadecane;  17)  2-methyltetradeoane;  18)  penta- 
decene-1;  19)  decylcyclohexane;  20)  n.  nonylben- 
zene;  21)  paraffins;  22)  naphthenes;  23)  aromatic; 

24)  paraffins;  25)  olefinB;  26)  naphthenes;  27) 
aromatic;  28)  paraffins;  29)  olefins;  30)  naph¬ 
thenes;  31)  aromatic. 

The  viscosity  of  the  hydrocarbons  of  the  gasoline-kerosene  frac¬ 
tions  increases  uniformly  with  an  increase  in  molecular  weight.  Vis¬ 
cosity  decreases  in  the  series  naphthenes -aromatic  hydrocarbons -paraf- 
f ins-olefins  (Table  51)* 

The  isoparaffins,  branching  very  little,  differ  only  slightly  in 
terms  of  viscosity  from  the  normal-structure  paraffins. 

The  change  in  the  viscosity  of  hydrocarbons  of  various  homologous 
series,  as  a  function  of  their  boiling  point,  is  presented  in  Fig.  51. 

With  an  increase  in  fuel  viscosity,  the  specific  fuel  consumption 
can  increase  as  a  result  of  the  impairment  of  vaporization  and  mixture 
formation. 
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a  to  too  no  no  /so  no  too  m  j*o  too  uo  too 


2  Ta»ntpamypa  KuncHun,  *C 

Pig.  51.  Viscosity  of  hydrocarbons  of  various 
homologous  series  as  a  function  of  the  boiling 
point.  0)  Alkanes;  x)  cyclanes;  •)  aromatic  hydro¬ 
carbons;  $)  bicyclic  hydrocarbons;  1)  viscosity  at 
20°,  poises;  2)  boiling  point,  °C. 


2  flM/nmcm*,  p£* 

Fig.  52.  Surface  tension  of 
hydrocarbons  of  various  series 
as  function  of  densitv.  x)  Al¬ 
kanes;  0)  cyclanes;  •)  aromatic 
hydrocarbons;  1)  surface  ten¬ 
sion  at  20°,  dyn/cm;  2)  den- 

sity,  p i|;|- 


There  is  a  direct  relationship  between  the  surface  tension  of  the 
fuel  and  the  degree  of  fuel  vaporization;  therefore,  this  characteris¬ 
tic  of  hydrocarbons  should  not  be  neglected.  The  least  value  of  surface 
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60  SO  too  UO  HO  ISO  no  200  220  200  2S0  2S0  300 

2  ItMnepamypa  wwn.'C 


Pig*  53.  Heat  capacity  of  hydrocarbons  of  various 
series  as  a  function  of  the  boiling  point.  0)  Al¬ 
kanes;  A)  alkenes;  x)  cyclanes;  •)  aromatic  hydro¬ 
carbons;  $)  bicyclic  hydrocarbons;  1)  specific 
heat  capacity,  cal/g/°C;  2)  boiling  point,  °C. 


2  hmncpumtjiHi  Hunew",  "C 

Fig.  54.  Latent  heat  of  vaporization  of  hydrocar¬ 
bons  of  various  series  as  function  of  boiling 
point.  0)  Alkanes;  A)  alkenes;  x)  cyclanes;  •) 
aromatic  hydrocarbons;  $)  bicyclic  hydrocarbons; 

1)  latent  heat  of  vaporization,  cal/g;  2)  boiling 
point,  °C. 

tension  is  exhibited  by  paraffinic  hydrocarbons:  from  18  to  28  dyn/cm; 
the  highest  values  are  exhibited  by  aromatic  hydrocarbons:  from  28  to 
32  dyn/cm;  and  the  naphthenes  occupy  an  intermediate  petition. 

In  general,  the  surface  tension  of  fuel  fractions  of  petroleum 
products,  at  20°,  lies  between  15  and  40  dyn/cm.  Figure  52  shows  the 
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Pig.  55.  Density  of  hydrocarbons  as  function  of 
boiling  point.  0)  Alkanes;  A)  alkenes;  x)  cyclanes; 
t)  aromatic  hydrocarbons;  $)  bicyclic  hydrocar¬ 
bons;  1)  density  at  20°,  g/cm^;  2)  boiling  point,  °C. 


TABLE  52 

Density  of  Hydrocarbons  of  Various 
Series 


1  yr,icoo£opoA 

C'opMyna 

2 

n^OTIIOCTk 

,20 

3  4 

T.  Kim.,  *C 

4 

5  H.  Henan . 

C10 

Ciollji 

0,7299 

174 

6  11.  Achcii . 

C;«Ujo 

0,7703 

170,5 

7  2-UiiKviorcKCiwCyTaii  .  .  . 

Ci,H» 

0,8131 

179 

8  AcKajniu  (line) . 

C|qH|| 

0,8950 

193,3 

9  11.  DynuKSciBOJi, . 

CitHu 

0,8003 

183,8 

10  H«lnranHH . 

C,oH. 

1,145 

217,9 

11  II.  /JoflCK.III  ...  .... 

Cu 

GaH„ 

0,7487 

210,2 

12  JloflCUCII-i . 

CuMji 

0,7584 

213,3 

13  3-UiiK.iorcKciurcKC.Tii .  .  . 

QSH* 

0,8225 

217 

14  3-OcniinrcKcaii . 

CijHii 

0,81114 

200-203 

15  P-3THaiia(j)Taflim . 

c,*h„ 

1,002 

251 

l)  Hydrocarbon;  2)  formula;  3) 

density,  p^°;  4)  boiling 

Q  • 

point,  C;  5)  n.  decane;  6)  n.  decene;  7)  2-cyclohexylbutane; 
8)  decalin  (cis);  9)  n.  butylbenzene;  10)  naphthalene;  11) 
n.  dodecane;  12)  dodecene-1;  13)  3-cyclohexylhexane;  14)  3- 
phenylhexane;  15)  P-ethylnaphthalene. 
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change  in  the  surface  tension  of  hydrocarbons  of  various  series  as  a 
function  of  specific  weight.  This  relationship  can  be  given  by  the 
following  formula:  o  =  51.5,  d  -  1 6.6. 

The  surface  tension  of  petroleum  products  having  a  specific 
weight  between  0.71  (gasoline)  and  0.8l  (kerosene)  changes  at  20°  from 
20  to  27  dyn/cm. 

With  respect  to  the  remaining  properties  of  hydrocarbons,  let  us 
dwell  in  detail  on  the  specific  heat  capacity  and  latent  heat  of  vapor¬ 
ization,  since  these  may  prove  to  be  of  interest  in  connection  with 

K 

the  problem  of  cooling  an  engine. 

The  specific  heat  capacity  of  hydrocarbons  of  various  series  is 
found  approximately  to  range  between  0.4  and  0.5  cal/g*deg.  As  can  be 
seen  in  Pig.  53,  the  paraffins  exhibit  the  greatest  heat  capacity.  The 
hydrocarbons,  rich  in  carbon,  exhibit' the  least  heat  capacity. 

The  latent  heat  of  vaporization  of  hydrocarbons  boiling  between 
60-300°  is  found  approximately  to  range  between  40  and  95  kcal/kg. 

The  lowest  heat  of  vaporization  is  found  with  paraffinic  hydrocar¬ 
bons;  and  the  greatest  heat  of  vaporization  is  found  with  aromatic  hy¬ 
drocarbons  (Fig.  54). 

The  density  of  hydrocarbons  determines  the  density  of  the  fuels, 
and  this  has  an  effect  on  the  supply  of  fuel  in  the  aircraft's  tanks. 
The  greater  the  density  of  the  fuel,  the  more  fuel  can  be  carried, 
given  equal  tank  capacity. 

Table  52  presents  the  density  of  hydrocarbons  of  various  series 
in  the  case  of  equal  numbers  of  carbon  atoms. 

Cyclical  hydrocarbons  exhibit  greater  density  in  comparison  with 
hydrocarbons  having  an  open  chain.  The  density  of  aromatic  hydrocar¬ 
bons  is  greater  than  the  density  of  naphthenic  hydrocarbons.  The  homo¬ 
logs  of  naphthalene  exhibit  particularly  high  density.  For  example, 
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for  methyl-  and  ethylnaphthalenes,  the  density  is  close  to  unity. 

In  general,  the  density  of  hydrocarbons  as  a  function  of  their 
boiling  points  can  be  presented  in  the  form  of  a  graph  (Pig.  55 )•  The 
density  of  the  allcanes  and  alkenes  within  a  range  of  boiling  points 
from  60  to  3'00°  increases  from  0.68  to  0.80;  in  the  case  of  monocycli- 
cal  naphthenes  it  increases  from  0.74  to  0.88;  and  in  the  case  of  aro¬ 
matic  hydrocarbons  it  increases  from  0.86  to  0.90.  Bicyclic  aromatic 
hydrocarbons  exhibit  the  highest  density,  i.e.,  from  O.95  to  1.04. 
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Chapter  4 

COMPOSITION  AND  HEATING  VALUE  OF  JET  FUELS 
1,  Definition  of  Heating  Value  and  Its  Limits  for  Fuels 

Heating  value  Is  one  of  the  most  Important  parameters  characteriz¬ 
ing  the  properties  of  a  Jet  fuel.  Attempts  are  made  to  use  as  fuel  sub¬ 
stances  consisting  of  elements  or  compounds  with  the  highest  possible 
heating  value.  The  term  heating  value  or  calorific  value  refers  to  the 
quantity  of  heat  in  calories  that  is  liberated  on  combustion  of  a  unit 
weight  (1  kg)  or  volume  (1  liter)  of  material  in  an  oxygen  or  air  at¬ 
mosphere.  Accordingly,  two  methods  exist  for  expressing  heating  value: 
heating  value  per  unit  weight  and  heating  value  per  unit  volume. 

The  standard  quantity  is  the  unit-weight  heating  value.  The  con¬ 
cept  of  volume  heating  value  is  frequently  employed  as  a  supplementary 
characteristic  for  aviation  fuels,  since  flight  range  depends  on  it  to 
a  certain  degree. 

Two  values  of  the  unit-weight  heating  value  are  distinguished: 
the  upper  and  lower  limits. 

The  upper-limit  heating  value  is  the  quantity  of  heat  liberated 
in  complete  combustion  of  a  unit  weight  of  fuel  at  a  pressure  of  J60 
mm  Hg  with  the  combustion  products  cooled  to  25°.  The  upper-limit  heat¬ 
ing  value  is  determined  by  burning  the  material  in  a  bomb  calorimeter 
in  an  oxygen  atmosphere. 

The  lower-limit  heating  value  is  the  quantity  of  heat  liberated 
during  complete  combustion  of  a  unit  weight  of  fuel  at  a  pressure  of 
760  mm  Hg  with  the  combustion  products  cooled  to  25°,  but  without  tak- 
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Ing  into  account  the  heat  of  condensation  of  the  water  vapor  formed 
during  combustion  of  the  fuel. 

For  a  number  of  substances  (such  as  Al,  B,  Be  and  their  compounds) 
combustion  of  which  results  in  formation  of  high-boiling  oxides  (e.g., 
AlgO^ ,  BgOy  BeO)  and,  in  certain  cases,  water  vapor,  the  physical 
state  of  the  combustion  products  (solid,  liquid  or  gaseous)  is  also 
indicated  in  giving  the  heating -value  figure. 

Table  53  lists  heating  values  per  unit  weight  and  volume  for  ele¬ 
ments  whose  combustion  is  accompanied  by  liberation  of  a  large  quan¬ 
tity  of  heat  as  compared  with  the  remaining  elements  of  the  periodic 
system. 

The  heating  values  of  such  elements  as  phosphorus,  titanium,  va¬ 
nadium,  calcium,  zirconium,  niobium,  sodium  and  sulfur  lie  in  the 
range  from  2000  to  5660  kcal/kg.  For  the  remaining  elements  of  the 
periodic  system,  the  heating  value  does  not  reach  2000  kcal/kg. 

Hydrogen,  combustion  of  which  liberates  28,900  kcal/kg,  has  the 
highest  heating  value.  The  heating  value  of  the  hydrocarbons  is  the 
lower  unit-weight  heating-value  limit  beyond  which  it  is  evidently  not 
advisable  to  go  for  air-breathing  Jet-engine  fuels. 

The  heating  values  for  hydrocarbons  of  the  various  series  lie  in 
the  range  from  approximately  9500  to  10,500  kcal/kg  and  average  about 
10,000  kcal/kg. 

Apart  from  hydrogen,  only  beryllium  and  boron  surpass  the  hydro¬ 
carbon  fuels  as  regards  their  unit-weight  heating  values;  consequently, 
the  selection  of  fuels  with  higher  heating  values  is  quite  limited. 
Under  ordinary  conditions,  however,  hydrogen  is  a  gas  and  has  an  ex¬ 
cessively  low  density  of  0.07  in  liquid  form  at  -252.8°;  this  excludes 
the  provision  of  adequate  fuel  reserves  in  the  tanks.  Beryllium,  boron 
and  their  hydrogen  compounds  are  not  readily  available  and  are  little 


TABLE  53 

Heating  Values  of  Certg  n  Elements  [1] 


1 

l&MMMT 

2 _ 

4  TcmotmAm* 

7 

COCTMNM  MMM 

iLu/U 

8eoaopoi . 

H 

0,0?  : 

28000*' 

‘  2110.. 

r«MO6pUN0t  1 

9  GcpiuuinA . 

Be 

1,85 

15000 

27750 

TnP«m  1 

10  Bop . .  . 

B 

2,30. 

13056 

31400 

llJlllTIlft . 

LI 

0,53 

10300 

5450 

*  \  \  .• 

12AjiiomhhmA  .  .  .  .  rf 

Al 

2.7  * 

7200 

10700 

»  ■ 

13MarHHA . 

M i  ■ 

6  i.« 

6000 

8550 

l4<KpeMiwA . .  .  . 

:  Si 

2(*Mop4»iuA) 

7160 

14350 

15VMepoA . .  . 

C 

1, 8-2,1 

7840 

15700 

1 

r«MO0pUIKK  1< 

*For  hydrogen  Qn. 

1)  Element;  2)  symbol;  3)  density;  4)  heating  value 
5)  kcal/kg;  6)  kcal/liter;  7)  state  of  oxide; 

8)  hydrogen;  9)  beryllium;  10)  boron;  11)  lithium; 
12)  aluminum;  13)  magnesium;  14)  silicon;  15)  car¬ 
bon;  16)  amorphous;  17)  gaseous;  18)  solid;  19) 
gaseous. 


suited  for  large-scale  use,  so  that  the  question  of  using  them  in 
fuels  will  apparently  arise  only  in  special  cases. 

In  the  light  of  the  above,  compounds  of  hydrogen  with  carbon  - 
hydrocarbons,  which  have  relatively  high  heating  values  and  are  avail¬ 
able  in  virtually  inexhaustible  quantities,  are  used  as  fuels  for  air- 
breathing  Jet  engines. 

The  heating  values  of  hydrocarbon  fuels  depend  on  their  elementary 
composition,  which  is  associated  first  and  foremost  with  their  group 
composition. 

The  lower-limit  heating  value  has  been  adopted  as  the  basic  ther¬ 
mochemical  characteristic  of  hydrocarbon  fuels.  It  is  computed  on  the 
basis  of  the  upper-limit  heating  value,  which  is  determined  calorimet- 
rically,  by  correcting  for  the  hydrogen  content  in  the  fuel  in  accord¬ 
ance  with  the  formula 

Qh  =  Q.  -  50,45  H, 
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where  H  is  the  percentage  content  of  hydrogen  in  the  fuel. 

In  the  case  of  individual  hydrocarbons,  the  percentage  hydrogen 
content  in  the  fuel  is  found  from  the  chemical  formula;  in  the  case  of 
fuels,  it  is  found  by  elementary  analysis  or  may  also  be  computed  ap¬ 
proximately  from  the  density  in  accordance  with  the  empirical  formula 

.%  H.-.26—  15 

The  elementary  composition  of  aviation  Jet  fuels  usually  lies  in 
the  following  range: 

H  =  12.4-15.3fr  C  =  85-87.5*  and  S  =  0.005-0.4*. 

The  heating  values  of  petroleum  products  may  be  determined  very 
approximately  on  the  basis  of  elementary  composition  by  use  of  D. I. 
Mendeleyev's  empirical  formula 

Qn  -  81  C%  +  246  H%  +  26  (S  -0)  H. 

where  C,  H,  0  and  S  are  the  percentage  contents  of  the  corresponding 
elements. 

Approximate  methods  also  exist  for  computing  the  heating  values 
of  fuels  from  their  physical  constants. 

Thus,  the  heating  value  may  be  associated  by  empirical  formulas 
with  the  density,  as  given  by  the  Kragoe  formula: 

Q„  =  11  088  +  757p  -  2100p*. 

Using  this  formula,  we  obtain  a  3  to  5*  discrepancy  between  ex¬ 
perimental  and  calculated  values. 

Reports  have  recently  been  published  in  which  an  attempt  is  made 
to  express  the  lower-limit  heating  value  as  a  function  of  density  and 
aniline  point  [2]. 

Recently,  V.I.  Lavrent'yev  [3]  proposed  a  formula  in  which  the 
heating  value  is  found  from  the  refractive  index: 

Q,  =  18  600- 5730/jd  kcal/kg. 

The  formula  gives  values  on  the  high  side  for  the  heating  values 
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of  aromatic  hydrocarbons  (2-4#  high),  but  produces  excellent  results 
for  T-l,  T-2  and  T-4  jet  fuels  (discrepancies  in  the  range  from  0.2  to 
0.5#). 

In  another  formula  proposed  by  V.I.  Lavrentiev,  the  refractive 
index  and  aniline  point  are  taken  into  account: 

Q*  -  7,5 Ta  -  2865no  +  14  080  kcal/kg. 
where  TA  is  the  aniline  point  (°C). 

This  formula  gives  a  0.3-1#  error  in  determinations  of  the  heat¬ 
ing  values  of  T-l  and  T-2  fuels,  but  it  gives  good  results  for  high- 
aromatic  fuels  and  aromatic  hydrocarbons.  For  paraffinic  hydrocarbons 
and  fuels,  however,  the  error  may  reach  2#.  Both  formulas  have  been 
tested  on  100  samples  of  fuel  of  the  T-l  and  T-2  types  and  on  20  in¬ 
dividual  hydrocarbons,  and  may  be  used  to  estimate  heating  value. 

2.  Heating  Values  of  Hydrocarbons 

The  heating  value  of  a  jet  fuel  is  composed  of  the  heating  values 
of  the  individual  hydrocarbons  of  the  various  series  forming  the  fuel. 
In  this  connection,  let  us  examine  the  heating  values  of  hydrocarbons 
having  the  same  number  of  carbon  atoms  but  belonging  to  different  hy¬ 
drocarbon  series  (Table  54). 

As  will  be  seen  from  Table  54,  the  lower-limit  heating  values  of 
hydrocarbons  with  equal  numbers  of  carbon  atoms  may  differ  by  more 
than  1000  kcal/kg  in  the  transition  from  hexane  to  benzene. 

Table  55  lists  the  heating  values  of  homologous  series  of  hydro¬ 
carbons  that  may,  on  the  basis  of  their  boiling  points,  be  found  in 
broad-fraction  turbojet  fuels. 

Recently,  the  use  of  hydrocarbon  radicals  as  a  high-calorie  [ex¬ 
otic]  fuel  has  been  suggested.  According  to  calculation,  the  low-limit 
heating  value  of  the  methyl  radical  is  about  14,000  kcal/kg,  that  of 
ethyl  is  12,000  kcal/kg,  and  that  of  propyl  is  11,400  kcal/kg  [4]. 
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TABLE  54 

Elementary  Compositions  and  Heating  Values  of  Hy¬ 
drocarbons  of  Various  Series  [4] 


1  yrMMWpM 

2 

topnyM 

3coeti»,  % 

4  Tciuiar»opM* 

CROCO&IOCTb',  ««4/« 

H 

C 

0. 

0N 

rCNCIH  . 

C|H|« 

<6,26 

83,74 

11560 

10608 

rCKCtM, . 

QH„  • 

<4,28 

85,72 

<1450 

10615 

UlIKJIOrCKCJH  . . .  .  .  . 

C*Hu 

<4,28 

85,72 

•  11150 

10370 

. 

C.H, 

7,56 

82,44 

10000 

0503 

♦Heating  value  from  data  on  heat  of  combustion 
( kcal/gram-molecule ) . 

1)  Hydrocarbon;  2)  formula:  3)  composition.  4 
heating  value.*  kcal/kg;  5)  hexane;  6)  hexene;  7 
cyclohexane;  8)  benzene. 


TABLE  55 

Heating  Values  in  Homologous  Series  of  Hydrocar¬ 
bons  [1,  4] 


i 


I 


9 

10 


1  Pm  yMtcoxopoxot 

2  Twaorbopaai  cnocofiaocrb  Q„,  mu/u 

c, 

c* 

c„ 

c,. 

Tlipa(J)HHU  HOpMMbHUe . 

Ilaonapa^iiMU  ... 

10608 

10570 

10535 

10540 

10513 

10503 

10484 

<Xnc<J)iiHW  HopuaabNUc  ...... 

10615 

10483 

,  10470  ■ 

10444 

HacjneHU  mohouhkvihmcckhc . 

10379 

10375 

10360 

Ha4)TCHU  CimHtuiHiecKHe . 

10200 

ISeHjoa  h  ero  roMoaoni . 

9503 

9945 

9017 

loMoaorw  iia<|)TaaHHa . 

9270 

9475 

Hi4>TeHo-apoMaTim«KHe  yracaoflopoau 

— 

9426 

— 

— °^e--  ^12  anc^  ci6  isopsLraff. ins  are  repre¬ 


sented  by  the  tetramethylalkanes,  and  the  aromatic 
and  naphthenoaromatic  hydrocarbons  with  c1Q  and 

C12  are  represented  by  n-butylbenzene,  tetralin 


and  ethylnaphthalene. 


1)  Hydrocarbon  series;  2)  heating  value 

kcal/kg;  3)  normal  paraffins;  4)  isoparaffins;  5) 
normal  olefins;  6)  monocyclic  naphthenes;  7)  bi- 
cyclic  naphthenes;  8)  benzene  and  its  homologs; 

9]  naphthalene  homologs;  10)  naphthene-aromatic 
hydrocarbons. 
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Methods  of  storing  radicals  at  low  temperatures  are  being  developed. 

The  heating  value  of  a  fuel  is  associated  with  the  ratio  between 
its  carbon  and  hydrogen  contents  -  the  quantity  C/fo.  This  relationship 
is  shown  in  Pig.  56  on  the  basis  of  experimental  data  for  individual 
hydrocarbons  and  aviation- turbine  fuels.  In  motor  and  jet  fuels,  the 
ratio  C/H  varies  in  the  range  from  5*7  to  6.7*  while  the  lower- limit 
heating  value  varies  accordingly  from  10,000  to  10,500  kcal/kg. 

In  paraffins,  the  lower-limit  heating  value  differs  from  the  up¬ 
per  limit  by  an  average  of  770-800  kcal/kg;  in  olefins  and  naphthenes, 
the  range  is  750-770  kcal/kg,  and  for  benzene  it  is  380  kcal/kg. 

In  paraffinic  hydrocarbons,  the  heating  value  diminishes  with  in¬ 
creasing  boiling  point,  as  does  the  hydrogen  content  in  accordance 
with  the  composition  formula  CnH2n+2>  In  monocyclic  naphthenes,  this 
variation  is  considerably  smaller.  In  the  benzene  homologous  series, 
the  heating  value  increases  as  we  pass  toward  higher  homologs  due  to 
the  side  chain.  Thus,  it  is  9593  kcal/kg  for  benzene  and  99^5  kcal/kg 
for  n-butylbenzene.  Bicyclic  aromatic  hydrocarbons  have  a  low  heating 

value  of  the  order  of  9500  kcal/kg. 

For  example,  the  heating  value  of  butylnaphthalene  is  9535  kcal/kg, 

while  that  of  isoamylnaphthalene  is  9601  kcal/kg. 

The  heating  value  referred  to  a  unit  volume  —  the  so-called  per- 
liter  heating  value  -  varies  as  a  function  of  chemical  composition  to 
an  even  greater  degree  than  does  the  unit-weight  heating  value.  It  is 
the  product  of  the  unit-weight  heating  value  by  the  density:  Q^p. 

Thus,  on  transition  from  the  paraffinic  to  the  naphthenic  and  aro¬ 
matic  hydrocarbons,  the  unit-volume  heating  value  Increases  more 
sharply  than  the  unit-weight  heating  value  diminishes. 

Table  56  shows  the  changes  in  unit-weight  and  unit-volume  heating 

value  in  various  hydrocarbon  series. 
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Pig.  56.  Upper-limit  heating  values 
of  hydrocarbons  In  various  series  as 
functions  of  C/H  ratio,  x)  Paraffins; 
OJ  naphthenes;  ®)  aromatic  hydrocar¬ 
bons;  •)  petroleum  products.  1)  Up¬ 
per-limit  heating  value,  kcal/kg;  2) 


In  blcycllc  naphthenes,  such  as  decalin,  the  heating  value  re¬ 
ferred  to  unit  volume  Is  1010-1360  kcal  higher  than  that  of  decane. 
This  Is  particularly  characteristic  for  cls-decalln,  which  has  a  high 
density  (O.89)  and  a  heating  value  of  10,225  kcal/kg.  Benzene  homologs 
such  as  butylbenzene  are  Inferior  to  the  blcycllc  naphthenes.  Mono. 

cyclic  naphthenes  have  no  particular  advantage  as  regards  their  unit- 
volume  heating  values. 

The  naphthenoaromatic  hydrocarbons,  e.g.,  tetralin,  have  high 
unit-volume  heating  values  in  combination  with  much  lower  unit-weight 
heating  values.  This  applies  to  an  even  greater  degree  to  the  naphtha¬ 
lene  homologs  such  as  methylnaphthalene. 

The  unit-volume  heating  value  changes  not  only  as  we  pass  from 
one  homologous  series  of  compounds  to  another,  but  also  within  the 

of  a  single  group  of  compounds  having  the  same  number  of  carbon 
atoms,  e.g.,  among  different  isomers.  Here,  there  is  virtually  no  de¬ 
crease  in  the  unit-weight  heating  value  (Table  57).  Thus,  the  unit- 
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weight  heating  values  of  decane  and  3,3,4,4-tetramethylhexane  range 
from  10,570  to  10,535  kcal/kg,  while  the  latter's  unit-volume  value  is 
535  kcal  higher  than  that  of  the  former.  A  similar  pattern  is  observed 
in  the  olefins  and  naphthenes. 


TABLE  56 

Changes  in  Unit-Weight  and  Unit-Volume  Heating 
Values  [4] 


2 

tipngiN 

^9 

4  TtMOMOpiM 

»  tnoCO0NOCTk 

1  yr*«flKiopci« 

• 

* 

5 

6  KM *1* 

•  7  h.  Henan  . .  .  .  . 

CmH» 

0,7299 

10570 

7080 

8  Acueii-2 . . . 

Ci*H* 

0,7421 

10483 

7740  ’ 

9  ByTiuimnuiorcKcax  .  . .  . 

C|«H* 

0,7992 

10375 

8200  ; 

10  jlcKajiiH  (rpaiic) . .  . 

c„Hu 

0,872 

10 105 

8750 

11  Acxajimi  (mic)  ' . 

CwHu 

0,800 

10225 

0100 

12  ByrwiGcnawi . • . 

CmHm 

0,8003 

9045 

8550 

13  TcTpajiiiH  . . 

0,9731 

9723 

0450 

14  McTIUIIIAljlTMHH . 

C«H„ 

] 

1,025 

5(npii  14*) 

9394 

0025 

lO  Kcpocmi  aoHamioHiiuA  ,  , . 

-  1 

0,81 

10250 

8300 

1)  Hydrocarbon;  2)  formula;  3)  density  p^°;  4) 

heating  value;  5)  kcal/kg;  6)  kcal/liter;  7)  n- 
decane;  8)  decene-2;  9)  butylcyclohexane;  10) 
decalin  jtrans);  ll)  decalin  (cis);  12)  butylben- 
zene;  13)  tetralin;  14)  methylnaphthalene;  15)  at 
14°;  16)  aviation  kerosene. 


In  a  number  of  cases,  the  specific  gravity  of  the  hydrocarbons 
increases  with  increasing  complexity  of  the  branches  and  the  appear¬ 
ance  of  quaternary  atoms  (n-decane  0.72  and  3,3,4,4-tetramethylhexane 
O.78),  but  this  phenomenon  is  not  always  observed.  Thus,  for  example, 
2,2,5,5-tetramethylhexane  has  a  density  of  O.718. 

The  unit-volume  heating  values  of  the  alkanes,  alkenes,  and  naph¬ 
thenes  depend  on  the  structure  of  the  carbon-atom  skeleton. 

3.  Heating  Values  of  Jet  Fuels 

The  heating  values  of  jet  fuels  vary  over  a  narrower  range  than 
those  of  the  hydrocarbons  and  hydrocarbon  groups  composing  the  fuel. 
This  will  be  seen  at  once  from  the  data  of  Tables  55  to  58. 
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TABLE  57 

Variation  of  Unit-Volume  Heating 
Value  in  Isomeric  C1Q  Hydrocarbons  [4] 


X  Vm ooaopoj 

2 

riaftTHOCTk 

3  OtivcMitai 
TtMoraopnat 

cnocoCHocrk, 

MM* 

4  flapaipuku 

0,7209 

7680 

6  2,2,2-TptlMCTHMTIUlneHTIH . 

0,7818 

8210 

7  3,3,4, 4-Terp»MCTiMreKC»n  . 

0,7824 

8215 

8  . . 

0.7323 

7690 

9  2,2,3,314-ntHT*M«TH;intHT»H . 

0,7801 

8200 

10  2,7-flHMeTlMOKTaH  . 

0,7242 

7600 

11  2.2,3,4,4-neHTaneTHJineHTaN . 

0,7670 

8060  • 

12  2,2,5,5-TerpaneTWirtKcaH  ....... 

13  OmQuh m 

0,71800 

7540 

0,7421 

7750 

15  3,4,4,5-TerpaMeTHjr«KceH-2 . 

0,7800 

•  8110 

lo  2,2,3,4-TrrpaMCTHareicceH-3 . 

0,7706 

8000 

17  3,4^,5-TeTpan«TH/iret(e*H-2 . . 

0,7679 

7990 

l8  3,7*XlM»«eTMJIOKTeH- 1  . . 

0,7396 

7700 

19  Htujmtu m 

20  h.  5yTH/iuH>uioreKCiH  . . 

0,7992 

8260 

21  1.2.3, 4-TeTpaiwTtuiuHiuiorcKcaH  ...  . 

0,82210 

8500 

22  rrop.  BynuiuKKMreKcaH . 

0,8131 

8430 

• 

PO 

1)  Hydrocarbon;  2)  density  pj  ;  3) 

unit-volume  heating  value,  kcal/liter; 
4)  paraffins;  5)  n-decane;  6)  2,2,2- 
trimethylethylpentane;  7)  3, 3, 4, 4- 
tetramethylhexane;  8)  4-methylnonane ; 
9)  2,2,3,3,4-pentamethylpentane;  10) 
2,7-dimethyloctane;  11)  2, 2, 3, 4, 4- 
pentamethylpentane;  12)  2, 2,5,5- 
tetramethylhexane;  13)  olefins;  14) 
decene-2;  15)  3,4,4,5-t.etramethyl- 
hexene-2;  16)  2,2,3,4-tetramethyl- 
hexene-3;  17)  3,4,5,5-tetramethyl- 
hexene-2;  18)  3,7-dlmethyloctene-l; 

19)  naphthenes;  20)  n-butylcyclohex- 
ane;  21)  1. 2,3,4- tetrame thy lcyclo- 
hexane;  22 j  sec -butyl cyclohexane. 


The  difference  between  the  volumetric  heating  values  of  paraf¬ 
finic  and  aromatic  hydrocarbons  is  about  10$. 

According  to  the  direct  bomb-calorimeter  determinations  of  Ya.B. 
Chertkov,  V.N.  Zrelov  and  V.V.  Rudakov  [6],  the  lower-limit  heating 
values  of  the  fuel  fractions  of  Soviet  petroleums  take  the  values  given 
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T'lBLE  58 

Heating  Values  of  a  Number  of  Fuels  and  the  Hydro¬ 
carbon  Groups  Composing  Them  [5] 


1  Tmimm  mi  rpynni  yrMMAopojoi 
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% 

g. 

3  9 

fi 
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4  rpynnMot  cocrti, 

% 
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0,7940 
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30,2 
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1,4 

51,8 

46,7 
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15  KoilllCIITplT  IpOMlTHMfCKKX  yMMOAO- 

pOAon  .  .  ,  . 

0,8645 

166-253 

75,2 

11,4 

13,4 

9860 

8320 

16  ASHauitOHHWfl  fiCHSMH  ........ 

0,7200 

60—180 

10520 

7582 

17  ilHacakiioe  Tonanao . 

0,8700 

200-325 

— 

— 

— 

10050 

8720 

1)  Fuel  or  hydrocarbon  group;  2)  density  at  15.5°; 
3)  boiling  range,  °C;  4)  group  composition,  3) 
aromatic:  6)  naphthenes;  7)  paraffins:  8)  heating 
value;  9)  kcal/kg;  10)  kcal/liter;  11)  aviation 
fuel;  12)  aviation  kerosene;  13)  paraffin-hydrocar¬ 
bon  concentrate;  14)  naphthenoparaffinic -hydrocar¬ 
bon  concentrate;  15)  aromatic-hydrocarbon  concen¬ 
trate;  16)  aviation  gasoline;  17)  diesel  fuel. 


in  Tables  59  and  60  as  functions  of  their  chemical  and  fractional  com¬ 
position. 

The  variation  of  the  unit-volume  heats  of  combustion  for  the  same 
petroleums  is  given  in  Table  6l. 

Depending  on  group  and  fractional  composition,  the  difference  in 
the  unit-volume  heat  of  combustion  may  run  as  high  as  the  order  of 
1000  kcal/liter. 

The  unit-weight  heat  of  combustion  of  aromatic  hydrocarbons  dimin¬ 
ishes  with  increasing  number  of  rings  in  the  molecule.  Thus,  addition 
of  one  aromatic  ring  results  in  the  heat  of  combustion  dropping  by  an 
average  of  210-260  kcal/kg  for  hydrocarbons  with  one  or  two  carbon 
atoms  in  the  side  chains. 

Thus,  the  dependence  of  the  unit-volume  and  unit-weight  heating 
values  of  the  fuels  on  their  group  and  fractional  compositions  is 


TABLE  59 

Lower-Limit  Heating  Values  (kcal/liter )  for  Hydrocarbon  Fractions  [6] 
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Lower-Limit  Heating  Values  (kcal/kg)  for  Hydrocarbon  Fractions  [6] 
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clearly  indicated  by  the  data  given  above. 

The  heating  values  of  jet  fuels  lie  in  the  range  from  about  10,250 
to  10,350  kcal/kg.  When  paraffinic  and  olefinic  hydrocarbons  are  used, 
the  heating  value  may  be  raised  to  10,400-10,500  kcal/kg.  Thus,  a 
paraffin-olefin  fuel  with  a  heating  value  of  10,400  to  10,500  in  com¬ 
bination  with  a  specific  gravity  of  0.77  to  0.80  may  be  produced  start¬ 
ing  with  mixtures  of  normal  and  isomeric  petroleum  paraffins  and  from 
products  of  synthesis  from  CO  and  Hg. 


TABLE  61 

Ranges  of  Variation  of  Lower -Limit  Heating  Value 
for  Fifty-Degree  Fractions  [6] 
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10350-10000 

10420-10110 

10400-10130 

10340-10120 

8400-7420 

8020-7700 

8080-7030 
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0900-0330 

10020-9670 

0950-0840 

0000-0700 

8480-8210 
8950-8310 
0000— 8G 10 
03GO-8G50 

1 

1) 


Boiling  range  of  fraction,  °C;  2)  paraffinic; 
naphthenic;  4)  monocyclic  aromatic;  5)  kcal/kg; 
kcal/liter. 


The  transition  to  fuel  heating  values  above  10,500  to  10,600 
l:o?!/kg  with  a  density  no  lower  than  O.77  presents  considerable  diffi¬ 
culty. 

For  example,  propane,  a  representative  of  the  light  hydrocarbons, 
has  a  density  of  O.50  together  with  a  heating  value  of  11,040  kcal/kg 
and  a  low  boiling  point  (-42°),  which  excludes  the  use  of  a  propane- 
based  fuel  in  contemporary  engines. 

The  maximum  flying  time  depends  on  the  specific  fuel  consumption. 
In  turn,  however,  the  specific  fuel  consumption  is  determined  by  the 
type  of  the  engines  used  and  their  economy.  This  is  illustrated  by  the 
following  data: 


-  186  - 


Fig*  57*  Specific  fuel  con¬ 
sumption  for  various  aviation 
power  plants  as  a  function  of 
flight  speeds.  1)  Specific 
fuel  consumption,  kg/kg* hr;  2) 
flight  speed,  km/hr;  3)  rocket 
engine  (oxygen  and  alcohol); 

4)  ramjet  engine;  5)  augmented 
turbojet  engine;  6)  turbojet 
engine;  7)  piston  engine  with 
propeller. 


Aviation  engine 


Specific  fuel 
consumption, 
kg/hour* kg 


Piston . . .  0.7-0. 9 

Turbojet .  0.9-1. 5 

Intermittent  [ramjet] .  4.1 


Specific  fuel  consumption  is  shown  in  Pig.  57  as  a  function  of 
flight  speed  for  various  power-plant  types.  The  data  of  this  figure 
would  be  properly  regarded  not  as  absolute,  but  as  comparative  quan¬ 
tities. 

All  other  factors  the  same,  the  specific  fuel  consumption  depends 

on  the  heating  value  0  of  the  fuel  in  accordance  with  the  formula 

„  3000,,  . 

°ud  —  n  - 

TV  ^427V1'al7  +  ,',~7 
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The  higher  the  heating  value  of  a  fuel,  the  lower  will  be  its 
specific  consumption  and  the  greater  the  flight  range.  Plight  range  is 
also  determined  by  the  density  of  the  fuel,  on  which  the  amount  car¬ 
ried  on  board  the  aircraft  depends.  Consequently,  to  achieve  the  maxi¬ 
mum  flight  range  with  a  given  aircraft  system,  we  must  select  the  op¬ 
timum  density  and  heating  value  for  the  fuel. 

In  recent  years,  paraffinic  hydrocarbons  have  been  proposed  for 
use  as  Jet  fuel,  since  they  produce,  on  combustion,  a  colorless  flame 
that  possesses  a  lower  radiation  intensity;  this  makes  it  possible  to 
burn  the  fuel  at  higher  temperatures  and  in  combustion  chambers  having 
smaller  volume  and  weight  [7,  8,  9]. 

An  obstacle  to  the  use  of  normal  paraffins,  which  can  be  extracted 
easily  from  petroleum,  is  their  high  freezing  temperatures.  However, 
normal  paraffins  from  °10  to  C2Q  can  be  converted  into  isoparaffins. 

Thus,  it  was  shown  in  the  studies  of  Ya.M.  Paushkin  and  Kh.Ya. 
Orlov  that  normal  paraffins  with  the  composition  C^-C-^g  and  freezing 
temperatures  of  +18°  can  be  converted  into  isoparaffins  of  the  same 
composition  having  an  initial  freezing  point  of  -43°,  a  specific  grav¬ 
ity  of  0.80,  and  a  lower-limit  heating  value  of  10,500  kcal/kg.  Iso¬ 
merization  is  conducted  at  380°  and  20  atmospheres  under  hydrogen  pres¬ 
sure  over  tungsten  sulfide  [10]. 
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175  h  =  n  =  nizhniy  =  lower-limit 
175  b  =  v  =  vysshiy  =  upper-limit 
187  ya  =  ud  =  udel'nyy  =  specific 
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Chapter  5 

INORGANIC  AND  ELEMENTARY-ORGANIC  SUBSTANCES 
HAVING  HIGH  HEATING  VALUES  WHICH 
CAN  BE  EMPLOYED  AS  FUELS 

1.  General  Information 

There  are  only  very  few  elements  and  their  compounds  which  have  a 
heating  value  in  excess  of  10,000-10,500  kcal/kg,  which  corresponds  to 
a  hydrocarbon  fuel  (combustible).  Among  these  elements  we  find  hydrogen, 
boron,  beryllium,  some  of  their  compounds,  and  certain  elementary- 
organic  compounds  of  boron  and  beryllium. 

Figure  58  shows  the  heating  value  and  combustion  temperature  of  a 
series  of  elements  in  oxygen  in  order  of  diminishing  molecular  weight. 

However,  the  practical  possibility,  the  area,  and  the  means  of 
using  high  heating-value  elements  and  their  compounds  as  reaction  fuels 
have  not  yet  been  adequately  studied. 

Nevertheless,  it  should  be  pointed  out  that  as  early  as  1946  it 
was  reported  that  in  the  USA  development  had  been  begun  on  boron-based 
fuels  for  military  aircraft  [1].  The  possible  components  of  such  fuels 
were  listed  as  pentaborane  and  aluminum  borohydride  A^BH^. 

Later  on  there  were  repeated  reports  dealing  with  the  general  na¬ 
ture  of  the  work  being  done  along  these  lines.  In  1955  there  were  press 
reports  also  to  the  effect  that  the  aluminum  borohydride  was  being 
recommended  for  use  as  an  ignition  and  combustion  initiator  for  avia¬ 
tion  fuels  [2]. 

In  1956,  reports  appeared  [3]  that  chemical  plants  in  the  USA  were 
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Fig.  58.  Heating  value  and  combustion 
temperature  of  the  elements  in  oxygen  as 
a  function  of  atomic  number.  1)  Heating 
value,  kcal/kgj  2)  temperature,  °K. 

producing,  or  preparing  for  production,  new  types  of  chemical  fuels 
for  aviation  engines  and  guided  missiles.  It  was  stated  that  in  con¬ 
nection  with  the  utilization  of  new  types  of  fuels  (combustibles)  it 
would  be  possible  sharply  to  increase  engine  power  (by  at  least  5<$) 

and  thus  to  increase  flight  range. 

Among  these  fuels  (combustibles)  compounds  of  boron  with  hydrogen 

and  lithium  are  dominant. 

It  is  stated  that  the  best  among  these  synthetic  fuels  (combus¬ 
tibles)  for  direct-flow  [ramjets]  engines  of  the  future  will  be  a  com¬ 
pound  of  boron  with  hydrogen  -  pentaborane  -  whose  heating  value  is 
54$  higher  than  that  of  gasoline,  and  the  flight  range  with  this  com¬ 
bustible  may  be  increased  by  40#  in  comparison  with  a  fuel  (propellant) 
like  kerosene  [3l- 

It  is  assumed  that  the  cost  of  the  pentaborane,  once  production 
is  In  full  swing,  will  cost  on  the  order  of  $2000  per  ton  [3].  Another 
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advantage  of  pentaborane  is  its  comparatively  high  rate  of  combustion 
in  comparison  with  gasoline,  thus  making  it  possible  to  utilize  shorter 
combustion  chambers  and,  consequently,  lighter  engines. 

Note  is  also  taken  of  the  fact  that  suspensions  of  magnesium  and 
aluminum  and  their  alloys  in  hydrocarbon  fuels  may  be  of  interest. 

There  is  confirmation  of  the  fact  that  tests  were  carried  out  on  such 
suspensions,  containing  approximately  50#  metal  in  octane,  and  that 
the  potential  engine  thrust  in  this  case  can  be  increased  by  more  than 
50#  in  comparison  with  hydrocarbon  fuels  [3]. 

Liquid  compounds  of  boron  with  hydrogen  may  be  regarded  directly 
as  fuels  or  as  fuel  components  in  a  solution  of  hydrocarbon,  and  this 
applies  equally  to  solid  compounds  of  boron  with  hydrogen  and  beryllium 
or  powders  of  boron  and  beryllium  in  the  form  of  suspensions  in  petro¬ 
leum  products,  since  such  systems  have  high  heating  values.  However, 
the  practical  possibilities  of  using  such  fuels  is  associated  with  a 
number  of  operational  characteristics  as  well  as  problems  of  raw- 
material  and  manufacturing  facilities. 

In  this  connection,  it  would  be  expedient  to  consider  the  physico¬ 
chemical  properties  and  basic  methods  of  producing  high  heating-value 
boron,  beryllium,  and  their  compounds. 

2.  Boron  and  Beryllium 
a)  Boron 

The  heating  value  of  boron  is  13,956  kcal/kg  (assuming  a  heat  of 
formation  of  its  oxide  in  the  solid  state  at  302  kcal/g-mole) .  Boron 
belongs  to  the  comparatively  common  elements.  Its  occurrence  in  the 

_2i 

Earth's  crust  is  estimated  as  ranging  between  1.5*10  -3*10  #.  In  na¬ 
ture  it  is  found  in  the  form  of  oxygen  compounds  -  borax  Na2B^0^.*  10H20 
and  certain  others  [4],  The  worldwide  output  of  boron  compounds  is 
measured  in  hundreds  of  thousands  of  tons  annually.  The  USA  in  1956  , 


produced  857  thousand  tons  of  boron-bearing  raw  materials.  In  1955, 

839  thousand  tons  of  borates  ( Na^Oy  4HgO,  NfcgB^Oy  lOHgO,  Ca2Bg011»5H20 
and  others)  were  produced,  and  these  contained  252  thousand  tons  of 
boric  acid  anhydride  BgO y  In  i960,  more  than  1  million  tons  of  borates 
were  produced. 

Boron  is  known  both  as  a  crystalline  solid  and  an  amorphous  pow¬ 
der.  The  best  method  for  the  derivation  of  the  amorphous  boron  is  based 
on  the  reduction  of  BgO^  with  metallic  magnesium  [5]: 

BA  +  3Mg-»  3MgO  +  2B. 

By  using  the  threefold  excess  of  boric-acid  anhydride  and  with 
the  subsequent  extensive  treatment  of  the  products  of  the  reaction 
with  HC1,  HF,  and  HgSO^,  it  is  possible  to  obtain  94-95$  pure  boron. 

By  additional  purification  of  the  boron  through  fusion  with  the  excess 
BgO^  it  was  possible  to  obtain  98$  and  even  99$  boron  containing  only 
traces  of  the  magnesium  [4,  5]. 

In  the  reduction  of  the  boric  acid  anhydride  with  other  metals 
such  as,  for  example,  calcium  or  aluminum,  the  product  is  always  fouled 
to  some  extent  by  such  Impurities  as  the  borides  of  these  metals.  In 
particular,  insoluble  aluminum  borides,  formerly  numbered  among  the 
crystalline  forms  of  boron,  are  formed  primarily  in  the  aluminum-heat 
reduction.  Apparently,  the  magnesium-heat  method  is  the  most  convenient 
from  the  standpoint  of  boron  derivation  [5]. 

Of  the  remaining  methods  of  boron  derivation  we  can  also  mention 
the  reduction  of  BgO^  with  lithium  hydride,  as  well  as  the  reduction 
of  KBF^  with  metallic  sodium  [6,  7]. 

The  boron  obtained  by  the  magnesium-heat  method  can  be  purified 
by  roasting  it  in  a  vacuum  at  1800-2000°.  In  this  case,  the  magnesium 
borides  such  as,  for  example,  MgB-^g,  decompose  and  the  result  is  a 
product  that  contains  no  less  than  99.5-99.8$  B. 
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The  electrochemical  method  of  obtaining  boron  [8],  developed  in 
1929,  involves  the  cathode  separation  of  boron  during  the  electrolysis 
of  a  mixture  of  borate  alloys  containing  MgO  with  an  admixture  of  MgFg. 
This  method  yields  a  product  containing  89-92#  boron. 

There  are  indications  that  a  purer  form  of  boron  (up  to  99*5#) 
can  be  obtained  by  the  electrolysis  of  potassium  fluoroborate  in  a  mix¬ 
ture  with  KC1  at  800-850°  with  a  copper  or  molybdenum  cathode  [9 ] . 

Of  the  methods  capable  of  producing  the  purest  forms  of  boron,  we 
should  mention  first  of  all  the  reduction  of  boron  halides  with  hydro¬ 
gen  on  the  basis  of  the  following  reaction 

2BXt  4-  3H*  2B  +  6HX. 

For  example,  in  the  reduction  of  EBr^  with  hydrogen  in  a  quartz 
tube  at  800°  we  obtain  a  product  containing  98.9#  boron  which  yields 
approximately  80#  [10]. 

During  the  first  stage,  apparently,  diborane  BgHg  is  obtained, 
and  this  is  subsequently  subjected  to  cracking  which  results  in  the 
formation  of  boron. 

The  thermal  dissociation  of  BBr^  at  8OO-I6OO0  was  used  to  obtain 
high-purity  crystalline  boron  [11]. 

The  physicochemical  properties  of  elementary  boron  are  determined 
to  a  great  extent  by  the  purity  of  the  product,  which  in  turn  is  asso¬ 
ciated  with  the  method  employed  to  obtain  the  product.  Many  properties 
of  boron  have  not  yet  been  adequately  studied. 

The  purest  specimens,  whether  of  amorphous  or  crystalline  boron, 
are  black  in  color.  On  the  other  hand,  the  ordinary  so-called  "amor¬ 
phous"  boron  is  brown  in  color,  and  this  is  probably  associated  with 
the  presence  of  oxides. 

Elementary  boron  (amorphous  and  crystalline)  is  produced  on  an  in¬ 
dustrial  scale  in  the  USA.  Amorphous  boron  contains  95-97#  of  the  basic 
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substance,  and  the  crystalline  form  contains  no  less  than  99#  boron. 

The  amorphous  boron  obtained  by  the  magnesium-heat  method  does 
not  burn  easily  and  in  a  number  of  cases  is  of  inadequate  purity;  it 
is  for  this  reason  that  such  great  interest  has  been  expressed  in  the 
derivation  of  boron  by  the  cracking  of  diborane  and  other  boranes  at  a 
temperature  of  700°.  In  this  case,  the  reaction  apparently  takes  place 
with  the  formation  of  pure  boron  as  well  as  with  the  formation  of  a 

certain  quantity  of  solid  boron  hydrides  (boranes): 

.  2B  +  3H, 

B*H,( 

(BHx)y  +  H2 

where  x  is  less  than  unity. 

During  the  reaction,  the  boron  is  deposited  on  the  walls  of  the 
reactor  in  the  form  of  particles  having  dimensions  of  0.025-0.5  M-  [11]. 

The  chemical  properties  of  the  boron  are  strong  functions  of  the 
degree  of  its  crystallinity  and  of  its  purity.  "Amorphous"  boron  oxid¬ 
izes  slowly  on  heating  in  air  and  ignites  If  heated  above  800°.  Large 
boron  crystals  are  heat  resistant  even  in  the  case  of  substantially 
higher  temperatures.  Hydrochloric  and  hydrofluoric  acids  do  not  attack 
boron  even  in  the  case  of  prolonged  boiling.  Hot  concentrated  nitric 
acid  oxidizes  crystalline  boron  slowly,  but  it  oxidises  amorphous 
boron  quickly. 

Chlorine,  fluorine,  and  fluorine  compounds  with  chlorine  easily 
oxidize  boron,  with  the  formation  of  halides  (bromine  at  700°,  chlorine 
at  410°,  fluorine  at  room  temperature).  At  a  temperature  in  excess  of 
1000°  boron  yields  a  nitride  with  nitrogen.  Boron  reacts  with  carbon 
only  at  temperatures  in  excess  of  1800-2000°. 

Boron  reacts  at  high  temperatures  with  the  majority  of  metals  and 
their  oxides,  forming  various  borides. 
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At  25°,  boron  has  a  density  ranging  between  2.30  and  2.34  (various 
preparations).  The  melting  point  of  boron  is  2075  +  50°,  the  boiling 
point  is  2500°,  and  the  coefficient  of  thermal  expansion  for  boron  be¬ 
tween  20  and  750°  is  8.3*10"^;  the  entropy  of  boron  is  1.403  (for  crys¬ 
talline)  and  1.564  (for  amorphous)  cal/mole*deg  at  25°;  the  heat  capac¬ 
ity  is  2.650  (for  crystalline)  and  2.858  (for  amorphous)  cal/piole-deg. 
b)  Beryllium 

Beryllium  is  a  white  and  extremely  hard  metal  having  a  specific 
weight  of  I.85,  a  melting  point  of  1285°,  and  a  boiling  point  of  2970°. 
The  melting  point  of  beryllium  oxide  is  2570°,  and  the  boiling  point 
is  3900°.  At  the  moment  beryllium  is  used  to  some  extent  in  alloys  of 
metals  to  harden  the  latter,  and  for  certain  other  purposes  as  well 
[12]. 

The  occurrence  of  beryllium  in  the  Earth's  crust  is  estimated  at 
4*10"^,  by  weight,  i.e.,  approximately  the  same  as  cadmium  (5*10"^), 
and  more  by  a  factor  of  four  than  iodine  (1-10-4#),  and  less  by  a  fac¬ 
tor  of  five  or  six  than  lead  (1.6-lCf3#).  Metallic  beryllium  burns  in 
oxygen,  liberating  a  great  quantity  of  heat: 

I  Be  +  V»0»  -» BeO  +  143  koai . 

The  heat  of  formation  of  solid  beryllium  oxide,  according  to  cer¬ 
tain  data,  is  +145  kcal/mole  [12],  and  according  to  other  data  it  is 
equal  to  +143  +  1  kcal/mole,  the  latter  figure  being  regarded  as  more 
reliable.  The  melting  point  of  beryllium  oxide  is  2550  +  25°,  and  the 
boiling  point  is  4260  +  l60°.  The  heat  of  fusion  of  beryllium  oxide  is 
+17  +1.4  kcal/mole,  and  the  heat  of  vaporization  is  +156.6  kcal/mole. 

The  two  following  equations  have  been  proposed  for  the  specific 
heat  of  beryllium  oxide: 

C,  =  8,45  +  10-» .  r  -  3,17 . 10’»  •7-2 

=*  9,471  2.090  - 
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For  liquid  beryllium  oxide  the  specific  heat,  at  2600°,  is  16 
cal/mole*deg. 

When  fluorine  and  beryllium  are  used  as  oxidizers  in  rocket  pro¬ 
pellants,  beryllium  fluoride  is  formed  according  to  the  following  equa¬ 
tion: 

Be  +  F»-*  BcFt. 

The  heat  of  formation  for  solid  beryllium  fluoride  is  240  kcal/mole; 
according  to  other  data,  it  is  241.8  kcal/mole.  The  heat  of  sublima¬ 
tion  for  beryllium  fluoride  is  56.64  kcal/mole,  the  melting  point  is 
787°,  and  the  boiling  point  is  1327°. 

In  -nature,  beryllium  is  found  in  the  form  of  the  beryl  mineral 
3BeOAl2Cy  6Si02.  The  worldwide  output  of  beryllium  (excluding  the  USSR) 


was  [12]: 

1936 .  480  tons 

1950 .  7300  tons 

1956 . 14000  tons 


Of  the  14,000  tons  produced  in  1956,  almost  13,000  tons  came  from 
the  USA. 

The  rapid  growth  in  the  exploitation  of  beryllium  ores  is  associ¬ 
ated  with  the  utilization  of  beryllium  in  atomic  engineering  and  in 
aircraft  and  rocket  building.  Studies  are  also  underway  to  determine 
the  possibility  of  using  beryllium  as  a  constituent  for  solid  rocket 
propellants. 

Industrially,  metallic  beryllium  is  produced  by  the  reduction  of 
beryllium  fluoride  with  magnesium  according  to  the  following  reaction: 

BeF,-j-Mg->  Be+MgFj+22  kcal. 

This  is  the  basic  method  used  in  the  USA  ai  i  Great  Britain.  The 
reduction  is  carried  out  in  graphite  retorts  (at  a  temperature  ranging 
between  900  and  1300°).  Beryllium  comes  in  the  form  of  ingots  and  is 
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freed  of  Its  Impurities  by  vacuum  fusion,  after  which  It  contains  no 
less  than  99-52  Be,  and  the  purity  of  the  metal  attains  99.82  after 
vacuum  distillation.  Metallic  beryllium  Is  obtained  Industrially  also 
by  the  electrolysis  of  fused  salts  NaOl-BeOlg  or  BePg-NaF,  but  this 
method  Is  not  used  as  frequently.  Beryllium  Is  fashioned  Into  Ingots, 
foil,  and  powder  with  the  average  particle  dimensions  between  14  and 
15  u  [12].*  As  dust,  beryllium  or  Its  oxide  and  Its  salts  are  extremely 
toxic.  These  can  produce  dermatitis  and  acute  Irritation  of  the  lungs. 

Beryllium  forms  a  compound  with  hydrogen  -  beryllium  hydride  BeH 
[13]  -  a  white-colored  solid  that  Is  Insoluble  In  ether,  toluene,  aj 
Isopentane.  Beryllium  hydride  Is  quite  stable  In  the  air  of  the  atmos¬ 
phere  below  temperatures  of  80-100°,  but  It  reacts  vigorously  with 
water. 

We  know  of  such  metal-organic  beryllium  compounds  as  methyl- 
beryllium  hydride  HBeOHj  and  dlmethylberylllum  Betray,  as  well  as 
.  beryllium  borohydrlde  Be(BH4)g.  Beryllium  borohydrldes  are  also  being 
considered  as  high  heating-value  additives  for  fuels, 
i — Compounds  of  Boron  with  Hydrogen 

Compounds  of  boron  with  hydrogen  are  substances  which  are  of  In¬ 
terest  from  the  standpoint  of  their  high  heating  values  (In  excess  of 
15,000  kcal/kg).  Boranes  occur  as  gaseous,  liquid,  and  solid  compounds. 
Some  are  unstable  In  air,  whereas  others  are  comparatively  stable;  how¬ 
ever,  in  comparison  with  hydrocarbons,  boranes  are  chemically  substan- 
t tally  more  active. 

The  properties  of  borohydrldes  and  other  Important  compounds  based 
on  the  borohydrldes  are  presented  In  Table  62. 

The  themochemical  properties  of  boranes  and  borohydrldes  are  not 
adequately  covered  In  the  literature.  Frequently,  published  data  also 
exhibit  great  divergence.  A  heat  of  formation  of  6. 73  +  0.52  kcal/g-mole 
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is  cited  for  diborane  [14],  for  aluminum  borohydride  this  value  is  7.2 
kcal/g-mole,  and  for  lithium  borohydride  this  value  is  42.08  kcal/g*mole 
[15],  Diborane  is  described  as  endothermic  which  is  highly  likely, 
since  the  pyrolysis  of  diborane  is  accompanied  by  the  liberation  of 
heat. 


TABLE  62 

Characteristics  of  Certain  Stable  Liquid  and  Solid 
Compounds  of  Boron  with  Hydrogen  [16-24] 
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1  pr.cr. 

7  0011(1*  lipiXTCPKCTNK* 

8  riciiTflGopaii 

D.H, 

— 46,6 

GO. 

0,010 

66 

15 

He  nocnADMCimcTCA  ua 

craCiwwHwft 

15,1 

(0*) 

(10*) 

uoiAyxc  npu  0—10*;  do- 

(  '  |^131  M.H) 

0,03(16*) 

Aoil  oiciib  mcaaciiiio  pai- 
jiaracTcn 

U16 

He  oocanaMCimcTcn,  lie 

9  HcKaCopaH 

+09.7 

213 

0,92 

19 

* 

15G* 

(99*) 

(100*) 

paanaracTcn;  mcaaciiiio 
niipoAHaycTC*  doaoII 

Xhmi/ucckh  ctock;  paerno- 

(npu  1G2  mm) 

10  Eopaaoa 

B.N.H, 

—68 

53 

0,8519 

• 

pilM  D  XOAOAIIOH  DOAC 
fiC3  XIIMIlMCCKOrO  113311- 

MOAC&CTDiin;  npu  uarpe- 
DauHii  ruApoAiisyeTCH 

.11  Bopnupi'A  mk>- 

AI(BH4)| 

-65,4 

44,5 

0,5588 

11,5 

-  18 

Bypuo  pcarupycT  c  noaoft 

mu  Hint 

1 

(13.8*) 

(0*) 

H  KHCXOPOAOM  BOSAyxa 

12  EopmApiiA  fie- 

Be(BHi), 

+31 

91,3 

— 

— 

To  xce  19 

piUMIIM 
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1)  Compound;  2)  formula;  3)  melting  point,  °C;  4) 
boiling  point,  °C;  5)  specific  weight,  at  20°C;  6) 
vapor  tension,  mm  Hg;  7)  general  characteristic; 

8)  pentaborane,  stable;  9]  decaborane;  10)  bora- 
zole;  11)  aluminum  borohydride;  12)  beryllium  boro¬ 
hydride;  13)  lithium  borohydride;  14)  at;  15)  does 
not  ignite  in  air  at  0-10°;  decomposes  very  slowly 
in  water;  16)  does  not  ignite,  does  not  decompose; 
hydrolyzes  slowly  in  water;  17)  chemically  stable; 
soluble  in  cold  water  without  chemical  reaction; 
hydrolyzes  in  heated  water;  18)  reacts  vigorously 
with  water  and  the  oxygen  in  the  air;  19 )  the  same; 
20)  stable  in  oxygen,  in  the  absence  of  moisture. 


The  boranes  burn  and  liberate  great  quantities  of  heat,  and  their 
heating  value  can  be  calculated  in  accordance  with  the  combustion  equa¬ 
tion  if  we  know  the  heat  of  formation  of  the  boron  oxide,  l.e.: 
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TABLE  63 

Heat  of  Formation  of  BgO^ 


1  AlTOpH 

Ttruton  o<p*. 

lota  xx  a, 

2 uni'xM  1 

CeiMKI  M 
■jMTcparypy 

4  Bcpmo  . . . ;  .......  T  r  t 

970  Q 

5  Pot,  Beprcp  . . 

axa 

[25] 

6  Pot . . 

ax* 

[2GJ 

7  Toa,  Mxuuiep . . 

9  flpoiCM,  Akohctoh . • .  .  . 

9  SrepMioc,  Motipoc . 

10  Akohctoh,  Xflpiu,  Kcpp . 

335 

303 

281,1 

302 

(27) 

•  128)- 
(14,29) 

(30) 

(31) 

1)  Authors;  2)  heat  of  formation, 
kcal/mole;  3)  literature  reference; 

4)  Berthelot;  5)  Roth,  Berger;  6) 

Roth;  7)  Todd,  Muller;  8)  Prosen, 

Johnston;  9)  Eggerglus,  Monroe;  10) 

Johnston,  Hirsh,  Kerr. 

B»H,  +  60,  -  2 »/,  BA  +  4 l/,  HA 

For  the  heat  of  formation  of  boric  anhydride,  various  values  are  cited 
(Table  63). 

Such  divergence  in  data  on  the  heat  of  formation  of  BgO^  can  be 
explained  by  the  experimental  difficulties  encountered  in  the  deter¬ 
mination  of  this  heat  of  formation,  the  degree  of  purity  of  the  boron 
preparations,  and  the  completeness  of  their  combustion.  For  the  heat 
of  vaporization  of  BgO^  we  find  values  of  65.6  kcal/mole  [32]  and  77.6 
kcal/mole  [33]. 

Pentaborane  B^H^  is  referred  to  as  "stable  pentaborane, "  since 
among  the  boranes  it  is  chemically  comparatively  stable.  For  example, 
prolonged  storage  of  B^H^  at  room  temperature  over  a  number  of  years 
has  shown  that  stable  pentaborane  decomposes  only  slightly  forming  a 
small  quantity  of  hydrogen  and  a  solid  residue.  The  slow  decomposition 
of  stable  pentaborane  becomes  noticeable  at  150^;  rapid  decomposition 
takes  place  at  300°.  In  air  is  hypergolic,  but  this  self-ignition 
does  not  always  occur.  However,  a  mixture  of  pentaborane  vapors  with 
pure  oxygen  ignites.  The  kinetics  of  this  process  were  the  subject  of 
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a  special  work  [34]  In  1951. 

The  lower  limit  of  explosion  is  a  function  of  the  pressure  at 
which  the  gaseous  mixture  B^H^-Og  is  situated.  The  B^-Og  mixture  ex¬ 
plodes  at  room  temperature  and  this  was  observed  at  a  total  pressure 
of  3-6  mm  Hg  in  the  system;  however,  the  occurrence  of  an  explosion  is 
a  function  of  the  composition  of  the  fuel  (combustible)  mixture  and 
the  volume  of  the  vessel  [34]  (Table  64). 

Pentaborane  hydrolyzes  very  slowly  with  water.  Over  a  period  of 
72  hours,  at  90°,  incomplete  hydrolysis  takes  place.  Stable  pentaborane 
is  readily  soluble  in  hydrocarbons,  cyclohexane,  and  benzene. 

Density  p,  surface  tension  o,  and  viscosity  tj  of  the  pentaborane 

can  be  calculated  according  to  the  following  equations: 

p  =  674  -  0,00082  T  .. 
o  =*  (71,1  0,1437  7") 

jj  =  41,15*  I0“*  •  pv»  *  el0SW/r 

The  following  has  been  determined  for  pentaborane:  heat  of  fusion, 
1.466  kcal/mole;  heat  of  vaporization,  7-7  kcal/mole;  specific  heat  of 
liquid  pentaborane,  Cp  =  35-8  cal/mole-deg;  and  specific  heat  of  gas¬ 
eous  pentaborane,  Cp  =  19  cal/mole-deg;  and  in  addition,  the  heat  of 
formation  for  liquid  pentaborane  is  +7.8  kcal/mole  [4], 

The  heat  of  pentaborane  combustion,  determined  in  a  bomb  calorim¬ 
eter,  is  1078  kcal/mole  or  17,100  kcal/kg  for  HgO  (liquid)  and 
(solid)  [4], 

Pentaborane  combines  with  olefins,  forming  such  alkyl  derivatives 
as: 

BtH,  +  CH,  = 

B*H*'+[2CH,'=  CH2-  BjH7(CjH6)2,> 

which  have  been  recommended  for  utilization  as  fuels.  Decaborane,  as 
well  as  pentaborane,  reacts  with  olefins  and  diolefins,  forming  the 
corresponding  alkyl  derivatives.  Some  of  these  derivatives  are  in  the 


liquid  state  and  can  be  used  as  liquid  propellants  (fuels). 

In  addition  to  decaborane,  we  know  of  solid  polymeric  hydrides  of 
boron  ranging  in  composition  from  (BHq  g)x  to  (BH^g)x.  These  compounds 
are  similar  to  the  boranes  in  terms  of  a  number  of  chemical  properties. 

Pentaborane  B^H^  is  referred  to  as  "unstable  pentaborane,"  since 
it  decomposes  spontaneously  at  room  temperature  and  forms  BgHg,  B^H^q, 
B^H^,  and  B10Hl2|,  and  ignites  spontaneously  in  air.  It  is  the  least 
stable  of  the  known  boranes  and  its  practical  application  is  therefore 
difficult. 

Decaborane  B^H^.  Eiis  completely  stable  solid  material  exhibits 
the  greatest  chemical  stability  in  comparison  with  other  boranes.  The 
marked  decomposition  of  B^qH^  is  observed  only  above  170°.  Decaborane 
does  not  react  with  the  oxygen  of  the  air  at  room  temperature,  and  it 
still  does  not  react  at  60°,  but  the  spontaneous  ignition  of  B1()Hlit 
takes  place  at  100°.  At  room  temperature,  decaborane  hydrolyzes  with 
water  very  slowly,  while  it  hydrolyzes  very  rapidly  in  the  case  of 
boiling.  Decaborane  is  readily  soluble  in  alcohol,  ether,  and  benzene. 


TABLE  64 

Lower  Limit  of  Explosion  of  the  B^H^-Og  System  in 
a  Spherical  Quartz  Vessel  at  Room  Temperature  [34] 
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*+  explosion  occurred;  —  explosion  did  not  occur. 
1)  Vessel  diameter,  cm;  2)  pressure,  mm  Hg; 
3)  C>2  pressure,  mm  Hg;  4)  result*. 
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At  the  present  time,  the  most  convenient  method  of  obtaining 
boranes  is  the  direct  reduction  of  boron  chloride,  boron  bromide,  or 
boron  fluoride  with  hydrogen  in  the  presence  of  granulated  aluminum  or 
other  metals  which  bind  chlorine  or  bromine  [35-37], 

The  diborane-formation  reaction  follows  the  equation 

l2BCIJ+3Hl+AI-*B,H,+2AICI,. 

This  method  is  used  to  pass,  at  temperatures  of  320-500°,  vapors 

of  boron  chloride  with  hydrogen,  in  a  molecular  relationship  of  BC1  :H 

3  2 

1:3,  through  a  heated  reaction  column  filled  with  granulated  aluminum. 
The  products  of  the  reaction  condense  in  receivers. 

Boron  chloride  does  nol^  enter  completely  into  the  reaction.  De¬ 
pending  on  the  conditions  of  the  reaction,  the  conversion  ratio  for 
the  boron  chloride  attains  6-30$,  and  there  are  from  3  to  17$  in 
the  condensed  products. 

Boron  chloride  is  obtained  by  the  chlorination  of  a  mixture  of 
borates  with  carbon: 

Na,BA  +  2CI,  -(-  7C-*  4BCI3  +  7CO  +  2NaCI. 

This  method  is  used  by  industry  in  the  USA. 

Plans  are  underway  for  the  industrial  production  of  B2H6  in  the 
USA  by  the  following  method: 

6LiH  +  2  (CjHjJjO-BFj  -v  B,H,  +  6LiF  +  2(CjH,),0 
in  addition  to  the  derivation  of  BgHg  through  boron  chloride. 

Sodium  borohydride  is  also  used  for  the  reduction  of  boron  fluo¬ 
ride;  in  this  case,  a  yield  of  88$  is  attained.  Sodium  borohydride  is 
obtained  on  an  Industrial  scale  and  serves  as  a  source  of  hydrogen  for 
balloons  and  for  the  torpedoes  used  by  the  submarine  fleet.  ' 

Borohydride  is  obtained  from  boron  fluoride  and  sodium  hydride 
through  the  following  reaction: 

4NaH  +  BFj.CKQH,),-  NaBH,  +  3NaF. 


As  sodium  borohydride  reacts  with  boron-fluoride  etherate,  di- 
borane  is  formed  with  98$  yield: 

3NaBH«  +  4  (C,H,),0.  BF,  -  2B,H,  +  3N»BF4  +  4  (C,H,),0 . 

Boron  fluoride,  which  serves  as  a  source  for  the  diborane,  is  pro¬ 
duced  industrially  from  borax  and  hydrogen  fluoride  through  the  follow¬ 
ing  reaction: 

Na,B4Or  10H.O  +  12HF->  Na.CMBF,  +  1GH,0 
Na,0‘4BF,  +  H,S04->  4BF,  +  Na,S04  +  H,0. 

Diborane  can  also  be  obtained  on  the  basis  of  the  general  equa¬ 
tion: 

Al  +  4V.H,  +  BF,  +  3C,H4  -  AIF,  +  3C,H,  +  l/,B,H,. 

This  method  involves  several  stages: 

Al  +  3C,H4  -f  1*/,H,  —  Al  (C,H,)a 
Al  +  BF,  -*  B  (C*H|),  +  AIF, 

2B  (C,H»),  +  3H, — ►B,H4-j-  6C,H4. 

Diborane  is  a  material  which  yields  other  boranes  in  pyrolysis. 

The  pyrolysis  is  carried  out  at  a  temperature  of  175-250°  and  at  a 
pressure  of  102-106  mm  Hg,  and  the  diborane  is  in  contact  with  the 
heated  reactor  for  periods  of  2.7  to  3-3  seconds,  in  continuous-flow 
apparatus.  The  process  can  be  described  by  the  following  equation  [38]: 

B,H4£2BH,— ' 2B,H,(+2H,)2-^ 

2B,H,  +  2H, 

-2BlHlI(+2H1)( 

B,Hf  +  higher'  hydrides 

The  best  yield  (up  to  80$)  of  stable  pentaborane  is  attained 

at  a  temperature  of  225°.  A  high  diborane  conversion  ratio  is  attained 
at  this  temperature  as  well.  The  product  of  the  reaction  contains  ap¬ 
proximately  85$  pentaborane  and  15$  solid  borane.  The  maximum 
decaborane  yield  may  be  attained  at  120°  and  amounts  to  60$  of  the  di¬ 
borane  which  entered  into  the  reaction. 

An  Increase  in  the  temperature  of  reaction  to  250°  enhances  an  in- 


crease  in  the  yield  of  solid  boranes  to  30  to  50#  [38].  Of  the  boron 
compounds  containing  hydrogen  and  nitrogen  in  addition  to  the  boron, 
we  should  mention  borazole. 

Borazole  B^Hg  is  obtained  [20]  through  the  heating  of  diborane 
diammoniate  or  tetraborane  pliammoniate  in  a  closed  vessel  at  I8O-I900: 

3B1H,.2NHj->2B3N,H,-|-12Hs. 

A  new  method  for  the  derivation  of  B^Hg  from  lithium  borohydride 
and  ammonium  chloride,  through  the  following  reaction  [39],  has  re¬ 
cently  been  proposed: 

LiBM,  +  3NH4C1  -♦  BjNall,  +  LiCI  +  9H,.. 

In  this  case  it  is  not  necessary  to  synthesize  the  boranes  in  ad¬ 
vance.  The  reaction  takes  place  between  a  mixture  of  reagent  powders 
( LiBH^  and  NH^Cl)  at  a  temperature  of  around  300°,  with  a  yield  of 
25-35#  B3N3Hg. 

Borazole  is  not  a  substance  exhibiting  high  heating  value  (its 
heating  value  is  around  78OO  kcal/kg),  but  it  may  apparently  be  of  in¬ 
terest  as  an  initiator  of  combustion. 

More  detailed  information  on  compounds  of  boron  with  hydrogen  and 
nitrogen  are  presented  in  the  article  by  A.F.  Zhigach  and  L.N.  Kochnev, 
entitled  "Azotosoderzhashchiye  proizvodnyye  diborana"  ["Nitrogen- 
Bearing  Derivatives  of  Diborane"]  [40].  Aluminum  borohydride  is  used 
as  an  additive  for  air-reaction  engine  fuels  to  Ignite  these  fuels  un¬ 
der  hlgh-altitude  conditions;  it  is  obtained  in  accordance  with  the 
following  equation: 

A1(C2H5)3  +  3B2Hg  -2A1(BH4)3  +  3B(C2H5)3. 

4,  Organic  Boron  Compounds 

The  heating  values  of  elementary  organic  compounds  of  boron  and 
beryllium  are  somewhat  higher  than  in  the  case  of  the  hydrocarbons. 
However,  this  is  observed  only  for  the  lower  members  of  the  homologous 
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TABLE  65 

Properties  of  Certain  Alkyl  Derivatives  of  Boron 
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2  Oopuyju 
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08 

1)  Designation;  2)  formula;  3)  density,  p;  4)  boil¬ 
ing  point,  °C;  5)  trimethylboron;  6)  triethylboron; 
7)  tri-n.  propylboron;  8)  triisopropylboron;  9) 
triisobutylboron;  10)  trl-tert.  butylboron;  11) 
triisoamylboron;  12)  tetramethyldibor oethane . 


series,  the  higher  homologs  already  differing  little  in  terms  of  heat¬ 
ing  value. 

A  simple  and  convenient  method  of  obtaining  trialkyl  derivatives 
of  boron  involves  the  reaction  of  boron  halides  or  the  etherate  of 
boron  fluoride  with  magnesium-organic  compounds: 

3RMgX  +  (C,H,),0.  BF,->  (R),B  +  3MgFX. 

This  method,  which  results  in  a  high  yield  of  around  70-80$, 
yields  triethyl-tri-n.  propyl-,  triisopropyl-,  triisobutyl-,  trl-tert. 

butyl-,  and  trilsoamyl-boron  [4l]. 

Some  properties  of  alkyl  derivatives  of  boron  are  presented  in 

Table  65. 

The  Grlgnard  reaction  can  be  carried  out  with  boron  fluoride, 
boron  chloride,  and  boron  bromide;  however,  the  most  readily  accessible 
is  boron  fluoride  in  the  form  of  a  gas  or  an  etherate.. 

Boron  fluoride  is  an  industrial  product  and  can  be  obtained 
through  the  following  reaction: 
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3C*Fi  +  B,Q»  +  6H|S0«  -+  2BF,+  3Ca(HS0«),+  3H,0, 
as  well  as  by  other  methods  [42 J. 

Boron-organic  compounds  can  also  be  obtained  by  the  direct  reac¬ 
tion  of  diborane  with  olefins  through  the  following  reaction: 

B,H,  +  6C,H/«  -*  2B  (CtH'ifi),. 

For  example,  on  heating  isobutylene  together  with  diborane  at  100°, 
.tert.  butylboron  is  obtained,  and  this  has  a  boiling  point  of  181.5° 
[43]. 

Boron-organic  compounds  with  two  boron  atoms  per  molecule  were 
obtained  in  1954  from  dlborotetrachloride  through  the  following  reac¬ 
tion  [44]: 

BA  +  CH,  CH,-+  C1,B  -  CH,  -  CH,  -  BC1* 

CI*B  CH,  -  CH,  -  BCI,  +  2Zn  (CH,),  -* 

-  (CH,),B  —  CH,  -  dH,  -  B  (CH,),  +  2ZnCI,. 

By  analysis,  the  tetrame thy ldiboroe thane  contains  19.98#  boron,  and 
this  substance  Is  not  too  stable. 

Trimethyl-  and  triethyl -boron  ignite  easily  and  spontaneously  in 
air,  the  higher  homologs  can  ignite  spontaneously,  but  first  of  all 
they  absorb  the  oxygen  of  the  air  with  pronounced  heating  and  they 
fume  in  air.  The  boron  organic  compounds  are  comparatively  stable  in 
water  and  acids,  but  are  easily  decomposed  by  alkalis. 

^-"an^Bery Ilium  ~  Hypothetlcal  Efficiency  of  Fuels  Based  on  Boron 

In  considering  the  heating  values  of  boron,  beryllium,  aluminum, 
and  their  compounds,  we  should  take  into  consideration  the  aggregate 
state  of  the  oxides,  since  a  certain  quantity  of  heat  is  extended  on 
the  melting  and  vaporization  of  the  oxides.  In  certain  cases,  this 
quantity  of  heat  may  even  exceed  the  heat  of  the  oxide  formation.  Th* 
state  of  the  oxide  is  also  a  function  of  the  temperature  at  which  the 
combustion  process  takes  place. 
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Below  we  present  the  melting  and  boiling  points  [45,  46]  of  the 
corresponding  oxides: 


Mip. ,°C 

B.p. , 

A1|0» 

2050 

2250 

BA 

557 

1700 

BeO 

2570 

3900 

Li,0 

— 

1700 

MfiO 

2800  . 

3000 

If  we  take  into  consideration  the  need  to  cool  air-reaction  en¬ 
gines  and  if  we  also  consider  the  fact  that  there  will  be  an  excess  of 
air  over  the  theoretical  quantity,  the  temperature  of  the  exhaust 
gases  will  hardly  exceed  1000-1500°.  Therefore,  all  of  the  metal  ox¬ 
ides  will  be  in  the  solid  state,  and  the  boron  oxide  will  be  in  the 
liquid  state.  The  latent  heat  of  fusion  for  the  boron  oxide  is  approx¬ 
imately  6-8  kcal/g*mole  and,  therefore,  in  calculating  the  heating 
value  which  may  be  attained  in  an  engine,  the  latent  heat  of  fusion 
must  be  subtracted  from  the  heat  of  the  formation  of  the  solid  boron 
oxide.  The  heating  values  of  boron,  beryllium,  and  their  compounds, 
are  presented  in  Table  66. 

According  to  literature  data  [44],  the  highest  heat  of  combustion 
for  R2H6  is  17,800;  for  it  is  16,700;  for  B^CH.,  13,900;  for 
R2H5C2H5'  13,600;  for  B2H2(C2H5)4,  11,700;  and  for  BeH2,  18,000  kcal/kg. 

Apparently,  the  most  suitable  among  the  high  heating-value  com¬ 
pounds  are  the  hydrocarbons  -  pentaborane  and  decaborane.  The  former 
could  be  used  in  hydrocarbon  solutions,  and  the  latter  in  the  form  of 
suspensions.  Boron-organic  compounds  with  a  single  boron  atom  per  mole¬ 
cule,  apparently,  are  of  no  interest,  since  trimethylboron  is  a  gas, 
and  the  liquid  compounds  have  a  heating  value  not  in  excess  of  11,000 
kcal/kg,  i.e.,  liquid  boron-organic  compounds  differ  little  from  the 
hydrocarbons  with  respect  to  heating  value.  They  probably  could  be 
used  as  combustion  initiators  under  specific  conditions. 
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TABLE  66 


Weight  and  Volume  Heating  Value  of  Boron,  Beryl¬ 
lium,  and  Their  Compounds  y 


1  OCUICCTM 

2Cnmim,  4n>pmj tm 

n*or« 

HOCTb 

3 

T.  IM, 

•c 

4 

T.  Kim., 

•c 

5 

6  TtnMTMpium 
cnocofimtcTk  *  Q(| 

7  KUttj/ti 

.9  cop . 

10  CcpiMMIHii  .  .  . 

11  ricllT.l0op.1H  .  . 
l2;icK.i0opau  .  .  . 
13  DopriiApiifl  juhomii 

D 

Be 

B.H, 

Bi*ll|i 

1 

0  i 

1,81 

0,63 

0,02 

22 

Tn. 

Td. 

—46,  C 
+00 

58 

13670 
15000 
16 183 
16110 

31400 
27800 
0630 
14 100 

mm . 

14  Bopriupiu  Ocpiui* 

Al  (BM,), 

0,56 

— 65,4 

44,5 

13  750 

7670 

Aim . 

15  BopniflpiiA  Aimm. 

Bc{BM4), 
Li  BIT, 

0,67 

+31. 

273 

91,3 

ripn  n.irpc* 

16100 

14300 

0500 

16/liiMCTiMiGcpiMUiiiii 

Be  (CM,), 

_  _ , 

Td.  J 

■All Mil  pa.l» 
Aar.icrci 

12700 

17  TpiiMCTimOop  .  .  . 

B(CH,), 

0,62 

-20 

(11  000) 
11  000 

8  000 

loTpitjmnOop’.  .  . 

19  TpiinpommOop  .  .  . 

20  TpimcTn;ia;uoMHmiH 

21  TcTp.lMCTIIJIflHOop- 

B(C,Ii*), 

0,60 

-  - , 

90— OG 

11  200 

B  <0,1 1,), 
AI(CM,), 

0,72 

0,73 

+15 

156 

125 

10700 

10550 

— 

OIL 

yCM, 

3TSII . 

)b— QH,- 

ch/ 

Cl  I.i , 

— 

— 

98 

11800 

— 

In  calcuiatliig  the  heat  of  combustion,  the  boron 
oxide  is  assumed  to  be  in  the  liquid  state  (the 
heat  of  formation  for  liquid  B^  is  295  kcal/mole) 

SVXJdeL0f  aJumlnum  an<*  beryllium  are  assumed 
to  hp  in  lyf  lolid  atate*  ar>d  the  water  is  assumed 

fnrbthP  h  he  f0r?  0f  vapor*  The  heat  of  formation 
£°f  the*°r™ea  ls  assumed  t0  be  equal  to  0.  For 
the  heat  of  formation  of  the  elementary  organic 
compounds:  dime thylbery Ilium,  the  heat  of  forma¬ 
tion  for  ethane  has  been  selected;  for  trimethyl- 
boron,  the  heat  of  formation  for  ll/2  ethane  mole¬ 
cules  has  been  chosen. 

1)  Substance;  2]  symbol,  formula;  3)  density;  4) 
melting  point,  ^C;  5)  boiling  point,  °C;  6)  heat¬ 
ing  value,  7)  kcal/kg;  8)  kcal/liter;  9)  boron; 

10 |  beryllium;  11)  pentaborane;  12)  decaborane; 
i?  a^inum  borohydride;  14)  beryllium  borohydride; 
17  **ohy**gej  16)  dime  thylbery  Ilium; 

17)  trimethylboron;  18)  triethylboron;  19)  tripro- 
pylboron;  20)  trimethylaluminum;  21)  tetramethyl- 
dlboroethane;  22)  solid;  23)  decomposes  on  heating. 
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Alkyl  derivatives  of  borane  are  used  in  reaction  engineering  and 
in  the  USA  these  fuels  carry  the  following  designations:  HEF-1,  HEP-2, 
and  HEP-3  [46a,  46b]. 

The  HEF-2  propellant  is  ethyldecaborane,  which  has  a  density  of 
0.82  and  a  heating  value  of  14,000  kcal/kg.  The  propellant  can  with¬ 
stand  heating  to  260°  for  60  seconds. 

Alkyl  boranes  are  hypergolic  in  air,  and  form  solid  tar  products 
when  heated  as  a  result  of  polycondensation  with  splitting  off  of  hy¬ 
drogen.  The  use  of  additives  makes  it  possible  to  retard  this  process. 
The  cost  of  alkyl  boranes  in  the  USA  is  estimated  at  $2000  per  ton.* 
Borane  fuels  are  toxic.  Decaborane  results  in  slow  and  progres¬ 
sive  weakening  of  heart  activity  Inhalation  of  diborane  is  injurious 
primarily  to  the  lungs,  whereas  the  slowly  hydrolyzing  compounds  accu¬ 
mulate  in  the  organism  and  result  in  the  destruction  of  the  central 
nervous  system,  the  liver,  and  the  kidneys.  The  maximum  permissible 
concentration  of  alkyl  borane  in  the  air  is  10 

We  know  of  extremely  stable  polymers  which  contain  residue  of 
decaborane  and  phosphorus,  and  these  are  stable  below  550°;  in  addi¬ 
tion,  we  know  of  high-molecule  polymers  of  boron  having  the  following 

composition  (BCHQ)  and  (—  B  —  CH,  —  CH,  —  B  —  )„  as  well  as  boron-nitrogen- 

d  X  I  I 

CH,  CH, 

bearing  polymers  of  the  following  structure: 

.  .  .  BH,  -  NH, .  . .  BH,  —  NH, .  . .  BH,  —  NH, . . .  , 
which  form  on  the  heating  of  diborane  ammoniate  BgHg^NH^  [47], 

6.  Effect  of  Heating  Value  and  Fuel  Density  on  Flight  Range 

The  flight  range  S  which  is  attainable  with  various  fuels  is  the 
most  complete  characteristic  of  fuel  quality. 

This  quantity  is  a  function  of  specific  fuel  consumption  (c  d), 
of  fuel  density  (p),  the  fuel  reserve  (p*w)  on  board  the  aircraft,  and 
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( 


the  weight  (Gq)  of  the  aircraft  without  fuel: 

5. 


cn  •  G* 


(a) 


where  k  is  a  coefficient;  v  is  the  flight  velocity;  and  w  is  the  vol¬ 
ume  of  the  tanks  (see  Chapter  1). 

The  specific  fuel  consumption,  i.e.,  the  fuel  flow  rate  (in  kg) 
in  one  hour  for  the  development  of  1  kg  of  thrust  is  a  function  of  the 
heating  value  and,  therefore,  given  the  characteristic  of  fuel  quality 
the  problem  can  be  reduced  to  an  evaluation  of  the  specific  fuel  con¬ 
sumption  which  is  determined  by  the  following  formula: 


MOO  gr 


-!■{]/  2fi427^i,|A+0»_0} 


(*) 


where  % ls  the  heating  value;  a  is  the  excess-air  ratio;  LQ  is  the 
quantity  of  air  (in  kg)  needed  to  burn  1  kg  of  fuel;  gt  is  the  weight 
ratio  of  the  fuel  to  the  air  passing  through  the  engine. 

On  the  basis  of  the  conditions  required  for  the  operation  of  air- 
reaction  engines,  the  gas  temperature  in  front  of  the  turbine  must 
maintain  a  constant  value  regardless  of  the  fuels  employed. 

In  this  case,  the  rise  in  the  gas  temperature  as  a  result' of  fuel 
combustion  must  also  maintain  a  constant  value: 

/=^T‘^“const-  .  (o) 

where  C  is  the  heat  capacity  of  the  gases. 

c 

With  fuels  of  various  heating  values  this  is  possible  only  by 
changing  the  excess-air  ratio  a.  With  great  values  of  a,  the  heat  ca¬ 
pacity  of  the  gases  in  front  of  the  turbine  is  virtually  independent 
of  the  composition  of  the  products  of  combustion;  therefore,  the  ratio 

Q/oLq  =  const  (d) 

must  be  a  quantity  that  Is  constant  for  various  fuels. 

Under  these  conditions,  the  specific  fuel  consumption  will  change 
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only  as  a  result  of  the  following  quantity: 


st  ~  1/aLo* 


The  quantity  of  air  required  for  the  combustion  of  1  kg  of  fuel 
is  determined  from  the  equation  of  combustion;  a  is  determined  as  a 
function  of  the  given  temperature  in  front  of  the  turbine,  in  accord¬ 
ance  with  Eqs.  (c)  or  (d). 

Let  us  determine  these  quantities  as  an  example  for  three  fuels: 
a  fuel  of  the  kerosene  type  (T-l),  methylnaphthalene,  and  pentaborane. 

A  fuel  of  the  kerosene  type  has  an  elementary  composition  as  fol¬ 
lows:  C,  86. 42$;  H,  13*38$;  the  conventional  formula  is  Cj  38  or 


CnHl,9n* 

The  equation  of  combustion  for  such  a  fuel. 


in  atmospheric  air. 


can  be  presented  in  the  following  form: 


C/iHi.fa -j- l,4750j  *f- /i  5.54N, 
,  (1,475-32  +  5.54-28)-n 

Sip  " 


-» n  COj  -f-  n  0,95HaO  +  n  5.54N, 

14,6  kg  of  air/kg  of  fuel. 


Let  us  assume  that  a  =  4;  in  this  case,  the  increase  in  temperature  as 
a  result  of  the  combustion  of  the  fuel  has  the  following  value: 

1  Q  __  0-10250 
“  ~CP  ‘ST  WTO  "  71 5  • 


TABLE  67 

Certain  Characteristics  of  Fuels  of  Various  Compo¬ 
sition* 


1  Toiuimio 

2  <t>opnyjia 

so 

Oh 

a 

•'  ; 

cyn 

3KcpociiH  (T-l) . 

c„h,.m 

0,820 

10250 

4,00 

1:58,2 

14,6 

1,44 

4MCTlMllia$TajlHH . 

CiiH|« 

1,025 

9  394 

4,15 

1:53,8 

13,0 

1,55 

5ricHTa6opaii . 

B»H, 

0,G30 

15  340 

6,06 

1:79,5 

13,1 

0,95 

6  Bop . 

B 

2,300 

13670 

8,25 

1:78,5 

9,5 

1,06 

*Denotations  as  in  Chapter  1. 

1)  Propellant  (fuel);  2)  formula;  3)  kerosene  (T-l); 

4)  methylnaphthalene;  5)  pentaborane;  6)  boron. 

The  actual  gas  temperature  in  front  of  the  turbine  will  be  higher 
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as  the  result  of  the  heating  of  the  air  produced  by  compression. 

The  ratio  of  air  to  fuel  is  the  following: 

1  i  i 
*r  “  ^  * 

The  heat  content  (enthalpy)  of  the  gases  is: 

q  =  Q/aL0  =  175.6  kcal/kg  of  air. 

For  the  remaining  fuels  Lq  is  found  on  the  basis  of  the  reaction 
equation,  and  a  is  determined  from  the  following  ratio: 

,  <? 

175.6-L,  * 

For  an  aromatic  hydrocarbon  —  methylnaphthalene  —  and  a  compound 
of  boron  with  hydrogen  -  pentaborane  -  the  combustion  reactions  may  be 
written  In  the  following  form: 

C«H10  +  13,50,  +  50, 7N,  - 1  ICO,  -f  5H,0  +  50, 7N, 

(Lq  =  13.50  kg/kg,  a  =  4.15) 

B,H,  +  60,  +  22.0N,  -  2,5B,0,  +  4,5H,0  +  36, 8N, 

(Lq  =  13.1  kg/kg,  a  =  6.67) 

The  values  of  a  number  of  parameters  for  several  types  of  fuels 
of  various  composition  are  presented  in  Table  67. 

The  excess-air  ratio  is  somewhat  greater  for  aromatic  fuels  than 
in  the  case  of  paraffinic-naphthenic  fuels,  and  the  quantity  of  air 
required  for  the  combustion  of  the  boron  is  even  lower. 

In  the  case  of  boron-bearing  fuels,  the  excess-air  ratio  Increases 
substantially  as  a  result  of  the  heating  value,  and  there  is  a  corres¬ 
ponding  Increase  in  the  product  aLQ  in  order  to  preserve  a  constant  gas 
temperature  at  a  high  value  of  Q^.  Thus  the  specific  fuel  consumption 
is  a  function  of  the  heating  value  and  the  stoichiometric  coefficients 
in  the  equation  of  combustion. 

Table  68  presents  the  change  in  flight  range  as  a  function  of 
heating  value  and  density  for  an  aircraft  exhibiting  a  weight  of  GQ  = 
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TABLE  68 

Change  in  Plight  Range  as  a  Function  of  Heating 
Value  and  Fuel  Density  [1,  3] 


1  Tmuum 

2 

njOTMCTIi 

a  Teiwio* 

JTnojiii.i* 

cnocofl- 

^  3mc 

TCIMO«Ol 
•MCprilN  ‘ 
•  MKM, 

5 

Vxe«kHiil 

6  • 
AlJlNACrt 

MOCTh  Q„t 

kkoa/ka 

KKOA 

cn 

8  AoiiaimomiuA  Kcpocun  . , 

9  Amiiiuioimoe  toiuihbo  umpoxoro  dipait- 

mwimoro  coctim . .  . 

10  /ICKMHH  (OHC)  .  .  .  . 

11  TcTpMIIII . .  ,  . . 

12  . . 

13  A«x*x . 


7  y iMtodcpodnut  monAuia 


0,82 

0,76 

0,80 

0,97 

1,02 

0,73 


10260 

10350 

10225 

0723 

0304 

10573 


ll 

ll 

19 


nCHTlOopiH 
Bop  .  .  .  . 
Ecpiwijiufl  , 

AaiOUHHHfi  . 

yuepox.  .  . 


14  HtytActodopodHtu  mon/uta 

0,63  15340 

2,3  13670 

1.85  15000 

2,7  7  200 

2,0  7840 


20  Ctiecu  moRAUta 


Kcpociiw  —  70X1 

Bop-30X  ) - 

Tctpmhh  —  60X  1 
AillOHIIHIlfi  —  40XJ  ’  ‘  ‘ 
Kepocim  —  70S  1 

ncHTafiopiH  —  30X  }  *  ' 
Mcnijiiii<pTuiHH  —  70X1 
ntHufiopSH  —  30X  1 


1,01 

1,33 

0,74 

0,85 


11360 

8620 

11800 

11200 


1, 05-10* 

0,985- 10»| 
1,15-10* 
1,18-10* 
1,18-10* 
0,07-10* 


1,27-10* 

3,02-10* 

3.46- 10* 

2.46- 10* 
1,06-10* 


1,40-10* 

1,43-10* 

1,00-10* 

1,10-10* 


1,44 

1,44 

1,51 

1,55 

1,39 


0,95 

1,06 

0,98 

2,0 

1,88 


1,33 

1,68 

1,28 

1,37 


15000 

14  500 
15900 
15000 
16000 
145GO 


19000 

(35000)* 

(23700)* 

(19800)* 

(18000)* 


18  500 
17  500 
16  000 
16  500 


*The  practical  range,  with  fuels  exhibiting  a  den¬ 
sity  of  1.5-2. 5,  will  be  lower  because  of  the  in¬ 
creased  weight  of  the  aircraft  for  reasons  of 
strength. 

1)  Propellant  (fuel);  2)  density;  3)  heating  value  QH, 

kcal/kg;  4)  reserve  of  thermal  energy  in  tanks,  kcal;  5)  spe¬ 
cific  fuel  consumption,  °ud>  6)  flight  range,  km;  7)  hydrocar¬ 
bon  fuels;  8)  aviation  kerosene;  9)  aviation  fuel  of  wide 
fractional  composition;  10)  decalln  (cis);  11)  tetralin;  12) 
methylnaphthalene;  13 )  decane;  14)  nonhydrocarbon  fuels;  15) 
pentaborane;  16)  boron;  17)  beryllium; . 18)  aluminum;  19)  car¬ 
bon;  20)  fuel  mixtures;  21 )  kerosene  -  70$:  22)  boron  -  30$; 
23)  tetralin  -  60$;  24)  aluminum  -  4($;  25)  kerosene  -  70%; 

26)  pentaborane  -  30$;  27)  methylnaphthalene  -  70%;  28)  pen¬ 
taborane  -  30$. 
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=  58  tons  and  a  fuel-tank  capacity  (volume)  of  w  =  125  m^.  It  is  as¬ 
sumed  in  this  case  that  the  flight  range  with  aviation  kerosene  is 
equal  to  15,000  km,  and  the  weight  of  the  aircraft  does  not  undergo 
any  change  in  the  transition  from  kerosene  to  heavier  fuels  (propel¬ 
lants). 

Theoretically  (without  taking  into  consideration  any  possible  in¬ 
crease  in  the  weight  of  the  aircraft)  an  increase  of  approximately 
1000  km  in  range  can  be  achieved  by  heavy  propellants  of  the  bicyclic 
naphthenic  and  aromatic  hydrocarbon  type.  In  the  practical  solution  of 
this  problem,  the  possible  increase  in  aircraft  weight  as  a  result  of 
strength  requirements  should  also  be  taken  into  consideration.  Range 
is  substantially  increased  with  boron-bearing  fuels,  since  the  specific 
fuel  consumption  is  reduced. 

7.  Methods  of  Obtaining  Fuel  Suspensions  with  Additives  Exhibiting 
High  Heating  Values 

a)  General  data 

One  of  the  methods  used  to  obtain  fuels  exhibiting  high  heating 
values  may  involve  the  preparation  of  suspensions  or  colloidal  solu¬ 
tions  of  boron,  beryllium,  and  similar  substances  in  petroleum  prod¬ 
ucts  [46a], 

For  colloidal  solutions,  solid  particles  with  dimensions  of  1*10"^ 

_7 

to  1*10  1  cm  must  be  dispersed  in  the  hydrocarbon  medium.  In  this  case, 
the  dispersed  substance  and  the  dispersion  medium  make  up  the  colloidal 
system  as  a  single  whole.  Such  colloidal  systems  are  referred  to  as 
metal  sols.  For  example,  in  sols  of  platinum  and  gold  there  are  metal 
particles  having  dimensions  of  the  order  of  5*10"^  cm. 

However,  the  production  of  such  colloidal  solutions  of  high  con¬ 
centration  is  a  difficult  problem;  it  is  therefore  simpler  to  prepare 
suspensions  of  metal  powders  in  hydrocarbons;  the  powders  are  prevented 
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from  settling  by  increasing  the  viscosity  of  the  medium.  In  this  case, 
comparatively  coarsely  dispersed  solid  particles  with  dimensions  of 
0.05-0.1  mm  (aluminum  powder)  or  0.0005-0.020  mm  (fine  aluminum  and 
beryllium  powder)  are  not  directly  parts  of  the  colloidal  system,  but 
serve  as  fillers  for  the  colloidal  solution. 

To  Increase  the  viscosity  of  the  medium,  high-molecular  substances 
or  salts  of  fatty  or  similar  organic  acids  are  dissolved  in  hydrocar¬ 
bons,  and  this  produces  colloidal  systems  with  high  viscosity.  As  has 
already  been  mentioned,  a  suspension  of  magnesium  and  aluminum  in  gaso¬ 
line  has  been  tested  in  Jet  engines  [3]. 

A  solution  of  natural  and  synthetic  rubber  in  petroleum  products 
has  been  proposed  for  the  stabilization  of  these  suspensions,  and  poly¬ 
isobutylene  with  a  molecular  weight  of  20,000  to  40,000  has  also  been 
proposed  for  this  purpose.  The  solution  of  high-molecular  substances, 
even  in  small  quantities  (2-5#),  calls  for  extensive  heating  and  good 
mixing.  In  this  manner  viscous  solutions  are  obtained,  and  these  con¬ 
tain  solid  powders  for  several  hours  or  days,  at  the  end  of  which  time 

\ 

deposition  begins.  A  partially  stratified  Suspension  can  be  regenerated 
by  subsequent  mixing  [1]. 

Wax  and  paraffin  are  used  to  thicken  petroleum  products;  however, 
in  this  case  it  is  necessary  to  introduce  a  large  quantity  of  such  ad¬ 
ditives  (20-30#)  in  order  to  attain  the  required  consistency, 
f 

Thickened  (jellied)  viscous  petroleum  products  are  used  for  flame 
throwers  and  weapon  charges.  In  the  first  case,  in  order  to  increase 
the  range  of  the  flame,  and  in  the  second  case  to  prolong  the  combus¬ 
tion  time  for  the  fuel  (combustible)  used  as  the  ignitor  [47].  Thick¬ 
ened  or  solidified  (jellied)  petroleum  products  in  this  case  are  pro¬ 
duced  with  the  salts  of  high  molecular  fatty  acids. 

Jellied  kerosene  for  incendiary  weapons  is  produced  in  the  follow- 
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ing  manner.  During  heating,  2-3#  stearin,  representing  a  mixture  of 
stearic  (C^H^COOH)  and  palmitic  ( C^H^-jCOOH)  acids,  is  dissolved  in 
the  kerosene.  At  75-80°  and  with  vigorous  mixing,  caustic  soda  in  an 
alcohol  solution,  in  a  quantity  equivalent  to  the  acid,  is  added  to 
the  solution.  In  this  case,  sodium  stearate  is  formed: 

CnHj.COOH  +  NaOH  -*  C17H34COONa  +  H,0. 

Palmitic  acid  reacts  in  an  analogous  way. 

Sodium  stearate  in  kerosene  or  gasoline,  at  a  temper ature  of  75-80°, 
forms  a  true  solution.  However,  when  cooled  to  50-60°,  the  true  solu¬ 
tion  passes  into  a  state  of  colloidal  solution  with  the  formation  of  a 
sol,  subsequently  a  gel,  and  the  entire  system  is  converted  into  a 
semlhard  inviscid  mass  that  is  characteristic  of  Jellies  [48].  Thick¬ 
ened  (Jellied)  petroleum  products  are  stable  in  storage  and  they  do 
not  flow  under  the  action  of  gravity,  but  can  be  carried  through  tub¬ 
ing  under  pressure.  The  uniform  structure  of  a  Jellied  fuel  (combus¬ 
tible)  is  destroyed  by  mixing  or  grinding,  but  it  can  later  be  restored 
to  some  extent. 

Soap  gels  can  also  be  obtained  in  hydrocarbons  through  the  solu¬ 
tion  of  hard  soaps  (salts  of  high  molecular  organic  acids)  in  hydrocar¬ 
bons  by  heating  or  even  at  normal  temperature. 

Calcium,  aluminum,  and  magnesium  soaps  have  poorer  thickening 
properties  than  sodium  soaps.  At  the  same  time,  the  nature  of  the 
thickening  by  means  of  salts  of  multivalent  metals  such  as,  for  exam¬ 
ple,  aluminum,  are  different  than  in  the  case  of  sodium  salts.  Aluminum 
soaps  form  viscous,  sticky,  and  free-flowing  systems  which  exhibit  the 
property  of  restoring  well  their  initial  structure;  sodium  soaps  form 
jellies  in  hydrocarbons,  and  the  structure  of  these  Jellies  is  easily 
destroyed. 

The  thickening  of  oil  fractions  is  widely  used  for  the  preparation 
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of  consistent  lubricants  and  this  is  discussed  in  the  appropriate 
courses  [48], 

In  the  USA,  a  gasoline-based  Jellied  combustible  (fuel)  is  iden¬ 
tified  as  "napalm. "  For  the  production  of  napalm,  from  4  to  11#  of  a 
thickening  powder  is  dissolved  in  gasoline;  this  powder  is  apparently 
a  mixture  of  aluminum  salts  of  oleic  and  naphthenic  acids  and  the 
acids  that  enter  into  the  composition  of  coke  oil.  Aluminum  salts  of 
organic  acids  are  obtained  by  the  reversible  reaction  between  the 
sodium  salts  of  acids  and  aluminum  sulfate.  The  outstanding  features 
of  napalm  are  its  considerable  viscosity  and  adhesion,  which  make  it 
suitable  for  use  in  flame  throwers  and  as  charges  for  incendiary 
weapons  [49]. 

To  increase  the  efficiency  (combustion  temperature)  of  Jellied 
combustibles,  a  50-60#  magnesium  powder,  which  does  not  settle  out 
despite  the  high  viscosity  of  the  medium,  is  sometimes  introduced  into 
these  Jellied  combustibles  as  an  ignitor  [47], 
b)  Theoretical  premises  for  preparation  of  suspensions  [50] 

Rate  of  particle  deposition.  In  the  preparation  of  stable  suspen¬ 
sions,  the  deposition  of  the  dispersed  particles  must  be  avoided. 

The  rate  of  deposition  for  solid  particles  having  a  radius  r  and 
a  density  p  in  a  medium  of  density  D  and  viscosity  t}  is  expressed  by 
the  following  equation,  in  accordance  with  the  Stokes  law: 


The  Stokes  law  follows  from  the  relationship  between  the  resist¬ 
ance  force,  i.e.,  the  friction  force,  that  is  produced  on  the  motion 
of  spherical  particles  at  a  constant  velocity  in  a  medium  having  a 
definite  viscosity,  and  the  force  of  gravity  acting  on  the  particle. 
As  the  particle  falls  at  a  constant  velocity,  the  force  of  friction 
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offsets  the  force  of  gravity. 

The  Stokes  law  is  valid  for  particles  of  true  spherical  shape  and 
for  a  medium  having  a  true  viscosity  rather  than  a  structural  viscos¬ 
ity  which  changes  in  value  as  a  function  of  the  applied  force  as  is 
the  case  in  colloidal  systems.  In  true  suspensions  there  are  particles 
that  are  not  spherical  in  shape.  However,  the  Stokes  law  may  be  used, 
with  certain  allowances,  for  the  characteristics  of  the  stability  or 
true  metal  suspensions  in  Jellied  petroleum  products. 

It  follows  from  the  Stokes  equation  that  the  rate  of  particle  de¬ 
position  can  be  reduced  and,  consequently,  suspension  stability  in¬ 
creased  by  the  following  steps: 

1)  increasing  the  viscosity  of  the  medium  in  which  the  solid  par¬ 
ticles  are  dispersed; 

2)  reducing  the  dispersed  particles  in  size; 

3)  increasing  the  density  of  the  medium; 

4)  during  the  grinding  of  the  substance  to  be  dispersed,  the  dis¬ 
persion  in  a  liquid  medium  can  be  improved  by  the  introduction  of  sur¬ 
face-active  substances  into  the  medium. 

The  physicochemical  nature  of  Jellied  combustibles.  As  petroleum 
combustibles  are  thickened  in  order  to  attain  the  required  viscosity 
of  the  medium,  a  colloidal  system  is  formed.  The  thickening  takes 
place  through  the  solution  of  high-molecular  substances  or  the  salts 
of  high-molecular  fatty  acids  in  hydrocarbons,  with  the  resultant 
formation  of  colloidal  systems  that  are  referred  to  as  sols  or  gels, 
depending  on  their  nature.  These  systems  are  characterized,  unlike  true 
solutions,  as  structured  systems  resulting  from  the  interaction  of  dis¬ 
solved  solvated  particles  (macromolecules)  as  a  result  of  their  high 
molecular  weight,  producing  grids  or  cells  containing  the  solvent.  As 
a  result  the  viscosity  of  the  solution  increases  sharply  in  comparison 
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to  the  initial  solvent.  Such  solutions  in  hydrocarbons  are  referred  to 
as  lyophilic  sols. 

The  viscosity  of  lyophilic  sols  is  a  function  of  the  concentra¬ 
tion  of  the  dispersed  phase  (dissolved  substance)  and  temperature. 

With  high  concentrations  of  dissolved  substance,  an  ever  increasing 
vigorous  interaction  between  the  macromolecules  sets  in  and  the  vis¬ 
cosity  increases  3harply.  With  a  change  in  temperature,  the  effective 
length  of  the  macromolecules  changes,  as  does  the  degree  of  their  sol¬ 
vation  by  the  solvent,  and  this  results  in  a  pronounced  change  in  vis¬ 
cosity  with  temperature. 

With  increased  concentration  of  the  dispersed  phase  or  with  a 
drop  in  temperature,  gelatinization  of  the  system  takes  place. 

Gelatinization  is  that  process  which  results  in  the  formation  of 
a  Jelly  or  gels  of  sols.  With  the  gelatinization  of  the  sol,  the  micro¬ 
scopic  divisions  disappear  and  the  entire  mass  of  the  sol  solidifies 
into  a  homogeneous  Jelly  that  resembles  a  semisolld,  since  the  fluidity, 
characteristic  of  liquids,  disappears.  At  the  same  time,  the  sol  pre¬ 
serves  its  fluidity,  even  in  the  case  of  high  viscosity. 

The  gelatinization  process  consists  in  the  combination  of  indiv¬ 
idual  colloidal  particles  into  loosely  structured  aggregates  under  the 
action  of  attraction  forces.  These  aggregates  form  grids  whose  cells 
contain  the  dispersion  medium. 

The  hardness  of  the  formed  Jelly  is  directly  proportional  to  the 
concentration  of  the  initial  solution.  Some  conditional  temperature  at 
which  the  system,  in  a  tube,  does  not  deform  as  the  tube  is  inclined, 
is  selected  as  the  thickening  (gelatinization)  temperature.  There  is 
also  a  definite  temperature  at  which  the  Jelly  makes  the  transition 
into  a  sol,  and  this  temperature  is  assumed  to  be  the  melting  point  of 
the  gel- Jelly. 
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The  jelly  can  be  brought  to  the  state  of  a  sol  by  mixing  or  by 
similar  mechanical  action.  This  is  referred  to  as  the  thixotropic 
destruction  of  jelly.  In  a  state  of  rest,  such  a  sol  again  gelatinizes. 
The  formation  of  thixotropic  gel  can  be. explained  by  the  appearance  of 
a  mutual  bond  between  the  particles  which  form  the  elements  of  the 
jelly  structure,  said  jelly  easily  destroyed  through  mechanical  action. 

As  a  result  of  this  phenomenon,  jellies  do  not  flow  and  they  are 
not  transported  under  the  action  of  gravity,  nor  can  there  be  any  mix¬ 
ing  of  particles  dispersed  in  them,  i.e.,  the  particles  do  not  settle 
out. 

However,  under  the  action  of  an  external  force,  i.e.,  in  the  case 
of  a  pressure  difference,  such  jellies  become  fluid,  since  they  have 
made  the  transition  to  the  sol  state. 

The  viscosity  of  jellied  combustibles.  In  the  utilization  of  Jel¬ 
lied  combustibles  containing  fillers,  an  important  problem  is  the  flu¬ 
idity  of  the  jellies,  which  must  differ  from  the  initial  solvent  as 
little  as  possible.  High  viscosity  may  make  it  difficult  to  pump  and 
vaporize  a  combustible  of  this  type  during  ignition.  On  the  other  hand, 
with  low  viscosity  the  dispersed  powders  might  settle  out. 

Viscosity  is  characterized  by  the  resistance  of  a  body  to  a  rela¬ 
tive  shift  of  1  cm2  per  second  of  the  parallel  layers  of  disperse  pow¬ 
ders.  The  viscosity  of  normal  liquids  is  determined  experimentally  by 
the  discharge  of  a  liquid  through  a  fine  capillary  tube  (viscosimeter) 
according  to  the  following  equation: 

where  rj  is  the  viscosity;  K  is  the  viscosimeter  constant;  P  is  pres¬ 
sure;  and  t  is  the  discharge  time. 

The  viscosity  of  ideal  liquids  is  not  a  function  of  the  applied 
pressure,  nor  of  the  length  and  radius  of  the  capillary  tube  of  the 
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viscosimeter. 

However,  the  viscosity  of  colloidal  systems  -  sols  -  is  a  func¬ 
tion  of  the  applied  force  under  which  the  deformation  of  the  sol  and 
discharge  take  place,  since  the  aggregates  of  the  macromolecules  of 
the  colloidal  system,  their  dimensions,  and  the  macromolecules  them¬ 
selves  are  sensitive  to  external  mechanical  action,  and  are  destroyed 
under  the  influence  of  mechanical  action;  consequently,  viscosity  also 
changes.  In  a  state  of  rest,  combinations  are  formed  -  the  macromole¬ 
cules  become  entangled  and  large  aggregates  are  formed,  with  the  latter 
resulting  in  increased  viscosity.  In  the  case  of  mechanical  mixing  and 
the  rapid  shifting  of  the  system,  the  weakly  bonded  aggregates  are 
destroyed  and  dispersed,  thus  reducing  viscosity.  This  effect  of  the 
change  in  the  viscosity  of  a  colloidal  system  in  the  case  of  mechanical 
action  is  referred  to  as  "structural  viscosity. " 

The  concept  of  relative  viscosity  t},  determined  in  the  following 
manner,  is  taken  as  the  characteristic  of  viscosity  for  colloidal  sys¬ 
tems: 

H -'*=*, 

1  * 

where  rj^  is  the  viscosity  of  the  solution;  t)q  is  the  viscosity  of  the 
solvent. 

The  structural,  or  apparent,  viscosity  is  a  function  of  the  ap¬ 
plied  force  characterized  by  a  shear  stress: 

'f-TT- 

where  f  is  the  shear  stress;  P  is  the  pressure  at  which  the  colloidal 
system  begins  to  flow;  r  is  the  radius  of  the  capillary  tube;  1  is  the 
length  of  the  capillary  tube  from  which  the  discharge  takes  place. 

Thus  the  apparent  viscosity  is  a  function  of  shear  stress: 

]gr\s=a-b\gf 
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or 

;ig>]  =  a— k\gP 

at  constant  values  for  r  and  1. 

The  change  in  the  viscosity  of  the  gels,  i.e.,  of  the  Jellies,  is 
an  even  greater  function  of  the  applied  pressure  than  in  the  case  of 
sols.  This  is  associated  with  the  fact  that  on  the  application  of 
small  forces,  the  viscosity  of  the  Jelly  is  infinite,  whereas  with  an 
increase  in  the  pressure  difference  flow  begins  and  the  gel  is  con¬ 
verted  from  a  Jelly  into  a  sol  which  exhibits  low  viscosity. 

Thus  the  relative  viscosity  of  lyophilic  hydrocarbon  sols  and  Jel¬ 
lies  is  a  function  of  this  pressure  difference  and  can  gradually  ap¬ 
proach  the  viscosity  of  the  solvent  as  the  pressure  difference  in¬ 
creases. 

The  addition  of  metal  powders,  for  example,  to  colloidal  systems 
increases  their  viscosity  in  direct  proportion  to  the  powder  concen¬ 
tration;  in  particular,  the  smaller  the  dimensions  of  the  powder  par¬ 
ticles,  the  greater  the  specific  surface. 

The  stability  of  suspensions  in  hydrocarbon  sols  or  Jellies.  The 
rate  of  deposition  for  suspensions  in  a  liquid  medium  can  be  charac¬ 
terized  by  Stokes  law  and  depends  on  the  viscosity  of  the  medium  as 
well  as  on  the  dimensions  of  the  particles. 

If  this  quantitative  relationship  is  valid  and  applicable  to  this 
case,  the  settling  out  of  the  solid  particles  is  unavoidable,  although 
the  deposition  process  may  continue  for  a  considerable  period  of  time. 
In  this  case,  the  jellied  combustible  will  be  physically  unstable.  How- 
ever,  the  flow  of  the  structured  colloidal  system  or  the  deposition  of 
the  solid  particles  in  this  system  may  begin  with  a  definite  shear 
stress. 

In  either  case,  the  motion  of  the  medium  or  of  the  particles  in 
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the  medium  may  begin  as  a  certain  maximum  shear  stress  is  attained,  or 
as  a  force  P,  corresponding  to  this  shear  stress,  is  reached. 

If  the  gravity  acting  on  the  particle  is  less  than  the  correspond¬ 
ing  maximum  shear  stress  for  a  lyophilic  sol  in  the  case  of  the  free 
fall  of  the  particle,  there  will  be  absolutely  no  settling  of  the  par¬ 
ticle,  since  the  viscosity  value  at  small  loads  will  correspond  to  in¬ 
finity. 

The  shear  stress  is  particularly  great  in  the  case  of  Jellies 
which  are  semisolid  in  nature  and  do  not  shift  under  the  action  of 
gravity,  i.e.,  under  the  action  of  small  loads.  In  accordance  with 
this,  powder  particles  dispersed  in  a  jelly  medium  cannot  shift  under 
the  action  of  gravity.  However,  the  shear  stress  in  the  case  of  hydro¬ 
carbon  jellies  is  limited  to  extremely  negligible  forces  which  can 
only  resist  the  shifting  of  a  substance  under  the  action  of  gravity, 
i.e.,  the  stratification  of  the  suspension.  On  application  of  loads 
measured  in  tens  of  fractions  of  an  atmosphere,  the  system  begins  to 
flow  and  it  passes  from  a  jelly  into  a  sol.  At  rest,  the  sol  may  again 
turn  into  a  gel. 

For  the  formation  of  metal  suspensions  in  hydrocarbons,  use  can 
be  made  of  the  petroleum-product  thickening  methods  which  result  in 
colloidal  systems  that  correspond,  in  nature,  to  viscous  sols  (thick¬ 
ened  with  rubber,  aluminum  soaps),  or  gels- jellies  (thickened  with 
sodium  soaps). 

c)  Preparation  of  suspensions 

From  1947  through  1957,  investigations  were  being  carried  on  in 
the  USA  on  fuel  suspensions  for  jet  engines,  and  the  future  utilization 
of  such  suspensions  in  ZhRD  [liquid  rocket  engines]  operating  on  flu¬ 
orine  [51]  is  not  excluded. 

Fuel  suspensions  are  obtained  by  the  dispersion  of  fine  magnesium 


Pig.  59-  Behavior  of  ideal 
(Newtonian)  fluid  and  thixo¬ 
tropic  system  on  application 
of  force.  1)  Shear  rate;  2) 
shear  stress. 

or  boron  powders  in  such  aviation  kerosenes  as  JP-3,  jp-4,  or  JP-5,  in 
quantities  up  to  50-60#.  The  stabilization  of  these  powders  in  the  sus¬ 
pended  state  is  achieved  by  gelatinizing  and  surface-active  additives. 
The  former  include  soaps  or  high-molecular  compounds;  the  latter  in¬ 
clude  alcohols  and  acids.  The  quantity  of  metal  which  can  be  in  sus¬ 
pension,  and  its  properties,  are  determined  by  the  shape  and  the  dimen¬ 
sions  o 1  the  particles,  their  dimensional  distribution,  and  the  compo¬ 
sition  of  the  hydrocarbon  medium. 

Fuel  suspensions  do  not  have  the  properties  of  Newtonian  fluids, 
i.e.,  their  flow  rates  are  not  directly  proportional  to  the  acting 
lorce.  The  physical  parameters  of  these  suspensions  are  determined  by 
means  of  viscosimeters  of  various  types.  To  determine  the  relationship 
between  the  shear  rate  or  the  rotation  of  the  viscosimeter  spindle  and 
the  shear  stress  or  the  motive  force  for  a  wide  range  of  shear  rates, 
an  automatic  self-recording  viscosimeter  was  used. 

Figure  59  shows  graphs  which  indicate  the  various  types  of  flows, 
and  the  a  graph  is  for  a  Newtonian  fluid,  and  the  b  graph  shows  the 
properties  of  suspensions.  The  arrows  indicate  that  the  curves  were 
Initially  obtained  by  the  continuous  increase  of  shear  stress  (ascend¬ 
ing  curve),  and  then  by  the  continuous  reduction  of  the  shear  stress 
(descending  curve).  The  shear  rate  for  the  substances  exhibiting  New- 
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tonian  properties  changes  linearly  with  a  change  in  shear  stress,  and 
viscosity  is  proportional  to  the  inverse  of  the  slope  of  the  curve 
(curve  A).  In  the  case  of  thixotropic  materials,  it  is  necessary  to 
apply  a  certain  force  -  a  shear  stress  -  before  the  rate  of  shift  be¬ 
comes  a  linear  function  of  the  shear  stress  (b).  The  magnitude  of  the 
initial  force  is  determined  by  the  segment  formed  from  the  intersec¬ 
tion  of  the  extrapolated  line  segment  and  the  axis  of  the  shear  stress. 
The  rate  of  shear  for  thixotropic  systems  increases  nonline arly  with 
shear  stress  (b).  If  the  shear  stress  required  to  produce  a  given  rate 
of  shear  diminishes  in  direct  proportion  to  the  duration  of  its  ef¬ 
fect,  the  material  is  thixotropic.  Low  apparent  viscosity  and  a  low 
value  for  the  initial  shear  stress  of  the  suspension  facilitate  the 
pumping  of  this  suspension  by  means  of  pumps.  At  the  same  time,  high 
viscosity,  high  initial  shear  stress,  and  thixotropic ity  prevent  the 
settling  out  of  the  suspended  particles  as  deposits. 

Deposition  stability  is  determined  from  the  sedimentation  of  the 
particles  of  the  suspension  in  50-miHimeker  graduated  cylinders  at  a 
temperature  of  30°.  The  degree  of  sedimentation  is  expressed  by  a  co¬ 
efficient  that  has  been  determined  in  the  form  of  a  ratio  between  tre 
height  of  the  sedimentary  layer  and  the  initial  height  of  the  suspen¬ 
sion  in  the  cylinder. 

The  sedimentation  process  was  also  observed  in  large  containers. 

The  relative  lightness  from  which  a  deposited  suspension  could 
again  be  brought  into  a  dispersed  state  was  estimated  in  a  number  of 
cases  by  means  of  shaking  a  cylinder  with  the  suspension.  In  order  to 
study  the  sedimentation  process,  the  particle  shapes,  and  the  process 
of  particle  agglomeration,  as  well  as  to  develop  a  method  of  estimating 
the  concentration  of  metal  in  the  suspension,  a  study  was  undertaken 
of  the  dielectric  properties  of  boron  and  magnesium  in  a  suspension  in 
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Pig.  60.  Viscosity  of  boron 
suspensions  of  various  concen¬ 
trations  in  aviation  kerosene. 
1)  50#  boron,  by  weight;  2)  55# 
boron,  by  weight;  3)  60#  boron, 
by  weight;  A)  apparent  viscos¬ 
ity  after  Brukfil'd  [sic],  cen- 
tipoises;  B)  concentration  of 
aluminum  octoate,  #  by  weight. 


mineral  oil. 

In  the  preparation  of  boron  suspensions,  use  was  made  of  boron 
powders  that  were  obtained:  l)  by  the  reduction  of  boron  anhydride  with 
magnesium  or  2)  by  an  electrochemical  method. 

In  the  first  case,  a  powder  containing  from  87  to  91$  free  boron 
with  an  admixture  of  boron  and  magnesium  oxide  is  obtained.  The  average 
particle  dimension  varies  between  0.6  and  1.4  [a;  as  electron  photomic¬ 
rographs  show,  particles  vary  in  shape.  The  boron  obtained  by  means  of 
an  electrochemical  process  contained  97#  elementary  boron  and  the  av¬ 
erage  particle  dimension  was  less  than  1  \l. 

The  suspensions  were  prepared  by  the  dispersion  of  a  high-disper¬ 
sion  boron  powder  in  aviation  kerosene  with  the  addition  of  a  gelatin¬ 
izing  admixture  -  aluminum  octoate  -  which  is  obtained  through  the  in¬ 
teraction  of  2-ethylhexanoic  acid  with  aluminum  chloride.  It  is  assumed 
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that  in  a  number  of  cases  acetylene  black,  silica  aerogel,  and  a  num¬ 
ber  of  bentonites  can  replace  the  silica  aerogel  [sic].  The  suspension 
is  prepared  at  room  temperature  in  the  following  manner.  The  thicken¬ 
ing  reagents  are  carefully  mixed  with  the  hydrocarbon  combustibles  and 
then  the  following  metals  are  Introduced  into  this  medium:  magnesium, 
aluminum,  or  a  boron  powder.  The  mixing  is  carried  out  by  means  of  a 
high-speed  agitator.  To  increase  the  fluidity  of  the  suspension,  sur¬ 
face-active  additives  in  quantities  from  0.5  to  4.4#  are  added  to  the 
suspension,  and  the  gelatinization  additives  are  included  in  quantities 
ranging  from  0.2  to  0.4#.  The  viscosity  of  the  suspension  containing 
50-60#  boron  powder  changes  from  1500  to  100,000  centipoises.  Figure  60 
shows  the  effect  of  additive  concentration  on  apparent  viscosity  of  a 
boron  suspension  in  aviation  kerosene  ( JP— 5 ) 5  with  an  increase  in  the 
boron  concentration  above  60#,  the  viscosity  increases  to  a  point  at 
which  it  becomes  difficult  to  use  the  suspension. 

In  the  preparation  of  magnesium  suspensions,  the  work  was  carried 
out  with  a  magnesium  powder  exhibiting  particle  dimensions  of  13-24  \l, 
and  contained  more  than  94#  elementary  magnesium;  however,  these  mag-; 
nesium  suspensions  do  not  burn  sufficiently  well.  In  this  connection, 
a  method  was  developed  for  the  preparation  of  finely  dispersed  mag¬ 
nesium  powders,  said  method  based  on  the  cooling  of  magnesium  vapors 
(magnesium  vaporizes  at  1090°)  with  kerosene  vapors,  and  in  this  case 
we  obtain  simultaneously  a  suspension  of  pyrophoric  magnesium  in  hydro¬ 
carbon.  In  this  case,  magnesium  particles  having  dimensions  of  the  or¬ 
der  of  0.2  [i  are  formed. 

Storage  stability  is  of  outstanding  importance  from  the  standpoint 
of  the  practical  utilization  of  the  suspension. 

In  the  case  of  suspensions  thickened  with  aluminum  octoate,  the 
gel  structure  of  the  suspension  is  impaired  during  storage. 
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Pig.  6l.  Change  in  apparent  viscosity 
and  shear  stress  as  a  result  of  the  ad¬ 
dition  of  a  50$-magnesium  suspension  of 
a  surface-active  additive.  1)  Apparent 
viscosity  after  Brukfil'd  [sic],  centi- 
poises;  2)  plastic  viscosity,  centi- 

poises;  3)  shear  stress,  dyn/cm2;  4) 
concentration  of  polyoxyethylenesorbitol- 
tetraoleate,  $. 


The  boron  settles  out  with  time,  forming  a  thick  deposit  which  is 
not  easily  dispersed.  The  destruction  of  the  suspension  as  a  result  of 
the  settling  out  of  the  boron  or  aluminum  is  accompanied  by  a  drop  in 
viscosity.  The  introduction  of  more  than  0.4$  aluminum  octoate  is  pos¬ 
sible  only  if  the  boron  content  does  not  exceed  50$. 

The  suspension  obtained  by  the  vaporization  of  magnesium  yields 
systems  of  high  dispersion  with  an  average  particle  dimension  of  2  p. 
With  a  magnesium  content  of  50-60$,  these  suspensions  are  like  lnviscid 
pastes.  In  order  to  obtain  a  liquid  suspension  from  such  a  paste,  the 
suspension  must  be  agitated  together  with  surface-active  additives, 
and  then  passed  through  a  colloidal  crusher. 

It  turned  out  during  the  investigation  of  various  surface-active 
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substances  that  the  most  appropriate  compounds  are  those  which  contain 
simultaneously  the  hydroxyl  group  in  combination  with  the  ester  or 
polyoxyethylene  group.  It  is  assumed  that  the  effectiveness  of  these 
additives  can  be  explained  by  the  fact  that  they  provide  for  maximum 
interaction  between  the  hydrocarbon  medium  and  the  surface  of  the  dis¬ 
persed  powder. 

Figure  6l  shows  how  apparent  viscosity  and  shear  stress  of  a  mag¬ 
nesium  suspension  change  with  an  increase  in  the  content  of  surface- 
active  additives  to  5-6$.  Experimental  data  indicate  that  suspensions 
containing  50 #  magnesium  with  an  average  particle  dimension  of  1.5  p. 
and  1#  of  a  surface -active  additive  are  quite  liquid.  Completely  usable 
suspensions,  in  terms  of  fluidity,  can  be  prepared  in  the  same  way, 
said  suspensions  containing  55-60#  magnesium.  Suspensions  prepared  in 
this  manner  exhibit  a  tendency  to  stratification  after  having  been 
stored  for  a  period  of  one  month. 

In  using  magnesium  particles  with  an  average  dimension  in  excess 
of  4  n  for  the  preparation  of  the  suspensions,  the  hydrocarbon  medium 
must  be  thickened  with  gelatinizers.  Aluminum  octoate,  in  quantities 
ranging  from  0.6  to  1.2#,  is  used  as  the  gelatinizer  for  magnesium  as 
well  as  boron  suspensions.  The  gelatinization  of  the  suspensions  is 
carried  out  by  careful  mixing,  together  with  the  gelatinizer,  for  sev¬ 
eral  hours  at  an  elevated  temperature  of  30-40°. 

The  magnesium  suspensions  thickened  with  aluminum  octoate,  strat¬ 
ify  and  change  in  viscosity  during  storage. 

This  is  how  the  preparation  and  stabilization  of  suspensions  con¬ 
taining  50#  boron  or  magnesium  is  carried  out,  and  this  applies  equally 
to  the  jet  fuels  JP-4  or  JP-5  with  stabilizers. 

8.  Utilization  of  Fuel  Suspensions  in  Air-Reaction  Engines 

In  connection  with  the  ever-increasing  requirements  calling  for 
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ever  higher  characteristics  in  fuels  for  air-reaction  engines  insofar 
as  this  pertains  to  an  increase  in  thrust,  and  the  efficiency  and  sta¬ 
bility  of  combustion,  much  theoretical  and  experimental  work  has  been 
done  on  the  ignition  of  suspensions  in  air-reaction  engines. 

Suspensions  of  metals  in  hydrocarbon  combustibles  (fuels)  show 
advantages  over  conventional  aviation  kerosenes  as  a  result  of  their, 
higher  heats  of  combustion  and  combustion  stability. 

The  utilization  of  special  fuels  for  air-reaction  engines  is  ex¬ 
pedient  in  the  case  of  special  engines  intended  for  high-speed  flights, 
the  takeoff  of  heavy  aircraft,  or  for  the  acceleration  of  air-reaction 
engines  in  the  case  of  rockets  within  the  limits  of  the  atmosphere. 

For  example,  for  the  acceleration  of  cosmic  rockets  within  the 
limits  of  the  atmosphere,  powerful  turbojet  and  ramjet  engines  are 
being  developed. 

The  acceleration  of  a  rocket  weighing  several  hundred  thousand 
tons  is  accomplished  by  means  of  a  guide-rail  track  some  20-30  km  long, 
and  powerful  turbojet  engines  are  used  to  develop  speeds  of  up  to  400- 
600  m/sec,  after  which  the  ramjet  engines,  which  function  to  altitudes 
of  15-20  km,  are  actuated;  at  these  altitudes,  the  rocket  engines  take 
over. 

Elements  such  as  boron  and  beryllium  are  of  interest  for  air- 
reaction  engines  because  on  burning  they  release  a  greater  quantity  of 
heat  than  kerosene  (more  than  10,000  kcal/kg). 

Great  flight  range  can  be  achieved  with  such  fuels. 

On  the  other  hand,  interest  is  also  expressed  in  elements  which, 
although  liberating  a  smaller  quantity  of  heat  on  combustion  than  kero¬ 
sene,  liberate  more  heat  per  1  kg  of  air  than  is  required  for  the  com¬ 
bustion  process.  In  a  VRD  [ramjet]  air  is  the  working  fluid. 

Greater  engine  thrust  can  be  obtained  through  the  combustion  of 
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TABLE  69 

Heat  of  Combustion  of'  Certain  Fuels 


7  Kcpocmi . 

8  /VnioMiiHiift  . 

gCcpiuuiHfl.  . .  . 
Bop . 

11  JIliTIlfl . 

12  Marmtii  ...  . 
13  nciitaCopaii . . . 


CiHm 

A1 

Be 

B 

Li 

B1II1 


10300 
7450 
1C  210 
14100 
lOM 
5050 
16300 


8200 
20700 
30400 
33400 
5  500 
10420 
10300 


720 

1040 

2130 

1480 

2070 

2090 

1250 


l)  Fuel;  2)  formula;  3)  heat  of  combustion; 

4  kcal/kg;  5)  kcal/liter;  6)  kcal/kg  of  air; 
7)  kerosene;  0)  aluminum;  9)  beryllium;  10) 
boron;  11)  lithium;  12)  magnesium;  13)  penta- 
borane . 


Fig.  62.  Takeoff  characteristics  of  a  turbojet  bomber 
over  a  3-meter  obstacle.  1)  60$-magnesium  suspen¬ 
sion  in  the  afterburner  +  injection  of  water;  2) 
60^-magnesium  suspension  in  afterburner;  3)  conven¬ 
tional  fuel  in  afterburner;  4)  no  increase  in 
thrust  due  to  augmentation  in  afterburner;  A)  take¬ 
off  distance,  m. 


such  fuels,  and  such  fuels  are  also  suitable  for  acceleration  of  VRD. 

For  example,  for  the  combustion  of  1  kg  of  kerosene,  16  kg  of 'air 
are  required;  for  the  combustion  of  1  kg  of  magnesium,  only  2.2  kg  of 
air  are  required. 

In  addition  to  the  above,  the  heat  of  combustion  per  unit  fuel 
volume  is  also  important  when  the  tank  capacity  of  the  engine  is  sig¬ 
nificant. 
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Table  69  presents  the  heats  of  combustion  for  several  fuels. 

In  connection  with  the  above,  ramjet  engines  using  magnesium  can 
develop  a  thrust  greater  by  a  factor  of  four  than  engines  using  kero¬ 
sene,  given  equal  engine  cross  sections. 

Figure  62  presents  figures  demonstrating  how  the  takeoff  distance 
can  be  shortened  for  turbojet  aircraft  using  magnesium  suspensions. 

When  the  JP-4  fuel  is  used  in  an  engine  and  for  thrust  augmenta¬ 
tion  (afterburning),  a  bomber  can  take  off  in  4050  m,  whereas  with  a 
60^-magnesium  suspension,  the  takeoff  distance  is  reduced  to  2400  m. 

Figure  63  presents  the  relative  value  of  missile  flight  range  for 
ramjet  engines  operating  on  conventional  JP-4  fuel,  magnesium  suspen¬ 
sions,  as  well  as  suspensions  of  boron  and  pentaborane. 

In  connection  with  the  above,  it  is  clear  why  such  interest  has 
been  expressed  in  the  utilization  of  metal  suspensions  for  VRD. 


Fig.  63.  Relative  flight  ranges 
for  missiles  with  ramjet  en¬ 
gines.  Initial  altitude,  18  km; 
the  M(ach)  number  is  equal  to 
3.2;  trajectory  in  accordance 
with  the  Breguet  formula  [2]. 

A)  Relative  effective  range. 

In  order  to  clarify  the  possibilities  of  using  suspensions  in  VRD, 
a  tremendous  experimental  project  was  undertaken  to  study  the  combus¬ 
tion  of  suspensions  in  special  experimental  installations,  model  ram¬ 
jet  engines,  afterburners  and,  finally,  in  actual  engines  on  a  test 
stand  and  through  flight  tests  of  experimental  aircraft  [52]. 
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Pig.  64.  Theoretical  character¬ 
istics  for  the  combustion  of  a 
magnesium  suspension.  The  num¬ 
erals  on  the  curves  indicate 
the  content  of  Mg  in  octene-1, 
in  by  weight.  A)  Temperature 
of  combustion,  °K;  B|  excess- 
combustible  ratio;  C)  specific 
air  impulse,  kg- sec/kg  of  air; 
D)  excess-air  ratio. 


Below  we  present  calculation  characteristics  of  theoretically  pos¬ 
sible  fuel  preparations  for  ramjet  engines  at  pressures  of  2  atm  and 
an  air  temperature  at  the  inlet  of  310°K. 

Figure  64  presents  the  temperature  of  combustion  and  the  specific 
air  Impulse  for  a  hydrocarbon  combustible  (octene-1  and  magnesium)  as 
well  as  for  suspensions  of  various  compositions  with  magnesium,  as 
functions  of  the  excess-combustible  ratio. 

With  an  increase  in  the  magnesium  compound  in  the  suspension,  the 
temperature  of  combustion  and  the  specific  air  impulse  increase. 

The  specific  air  impulse  as  a  function  of  the  coefficient  of  ex¬ 
cess  combustible  for  the  case  of  aluminum  and  boron  and  their  su3pen- 

-  234  - 


sions  1b  presented  in  Figs.  65  and  66. 

The  fuel-volume  specific  impulse  obtained  in  the  combustion  of  1  kg 
of  fuel  has  been  plotted  along  the  axis  of  ordinates,  and  the  specific 
Impulse  per  1  kg  of  the  air  participating  in  the  combustion  and  passing 
through  the  engine  has  been  plotted  along  the  axis  of  abscissas. 

Figure  67  shows  the  effect  that  pressure  and  the  excess -combus¬ 
tible  ratio  have  on  the  specific  air  impulse  in  the  combustion  of  a 
50$ -magnesium  suspension. 

In  addition  to  the  theoretical  calculations,  many  experimental  in¬ 
vestigations  were  carried  out  on  the  combustion  of  suspensions  in  spe¬ 
cial  test  stands. 

After  the  preliminary  tests,  the  suspensions  were  ignited  in  a 
ramjet  air -reaction  engine  having  a  diameter  of  400  mm  (Fig.  68). 

The  completeness  of  the  combustion  of  the  magnesium  suspension 
exceeded  90$  over  a  wide  range  of  excess-air  ratios.  With  an  excess- 
combustible  ratio  of  0.7*  the  combustion  of  the  magnesium  was  almost 
complete,  although  the  efficiency  of  combustion  for  the  hydrocarbon 
medium  begins  to  drop  at  this  point.  These  results  can  be  seen  in  Fig. 

69. 

The  completeness  of  the  combustion  of  the  boron  suspension  as  a 
function  of  the  excess-combustible  ratio  was  studied  in  a  small  cham¬ 
ber,  47  mm  in  diameter  and  200  mm  long,  as  well  as  in  a  chamber  1300 
mm  long,  under  a  pressure  of  2.8  atm. 

The  data  obtained  with  the  small  chamber,  with  a  30$  suspension 
of  boron  in  JP-4  fuel  (with  boron  purities  of  86  and  97$)  are  presented 
in  Fig.  70. 

The  average  particle  dimension  for  the  boron  of  97$  purity  was 
0.7  mix.  The  completeness  of  boron  combustion  in  a  single  specimen  of 
the  suspension  (boron  purity  of  97$)  amounted  to  95$,  whereas  the  com- 
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Pig.  65.  Theoretical  character¬ 
istics  of  the  combustion  of  an 
aluminum  suspension.  The  fig¬ 
ures  on  the  curves  indicate 
the  A1  content  in  the  octene-1, 
in  $  by  weight,  l)  Temperature 
of  combustion,  °K;  2)  excess 
combustion  [sic  -  probably  com¬ 
bustible]  ratio;  3)  specific 
air  impulse,  kg* sec/kg  of  air; 

4)  excess-combustible  ratio. 

pleteness  of  combustion  was  only  80$  in  the  case  of  the  86$-pure  boron. 

In  the  larger  chamber  of  the  ramjet  engine,  the  efficiency  of  com¬ 
bustion  for  50#  suspensions  of  boron  did  not  exceed  80$.  In  this  case, 
a  boron  powder  of  87-91$  purity  was  used,  and  here  the  average  par¬ 
ticle  dimension  was  1  \ x. 

Successful  flight  tests  of  an  aircraft  with  a  ramjet  engine  were 
carried  out  on  a  fuel  consisting  of  a  50$  suspension  of  magnesium.  The 
suspension  consisted  of  50$  0.6  and  1. 5-micron  magnesium  in  JP-4  avia- 
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Pig.  66.  Theoretical  character¬ 
istics  for  the  combustion  of 
boron  and  its  suspensions.  The 
figures  on  the  curves  indicate 
the  content  of  boron  in  the 
octene-1  in  %  by  weight.  1) 
Temperature  of  combustion,  °K; 

2)  excess-combustible  ratio; 

3)  specific  air  impulse, 

kg* sec/kg  of  air;  4)  excess- 
combustible  ratio. 


tion  kerosene  with  an  apparent  viscosity  of  7000  and  8000  centipoises. 
The  flights  of  the  experimental  aircraft  with  the  ramjet  engine,  as¬ 
sisted  by  means  of  rockets,  proceeded  successfully. 

Magnesium  suspensions  burned  efficiently,  but  could  develop 
greater  thrust  only  in  comparison  with  conventional  hydrocarbons  and 
fuels,  but  could  not  offer  any  greater  flight  range. 

Boron  suspensions,  without  any  special  additives,  did  not  burn 
sufficiently  completely  and  cannot  be  recommended  for  ramjet  engines. 
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Fig.  67.  Combustion  character¬ 
istics  for  50 $  magnesium  sus¬ 
pensions  at  various  pressures. 
1)  Temperature  of  combustion, 
°K;  2)  excess-combustible  ra¬ 
tio;  3)  pressure,  atm;  4)  spe¬ 
cific-air  impulse,  kg* sec/kg 
of  air;  5)  pressure,  atm. 


For  the  pumping  of  suspensions  from  the  tanks  to  the  combustion 
chamber  of  the  engine,  special  centrifugal  pumps  were  designed. 

Air  vaporization  was  employed  in  the  injectors,  in  view  of  the 
high  viscosity  of  the  suspensions. 

The  combustion  stability  of  50$  magnesium  suspensions  was  very 
much  greater  than  in  the  case  of  conventional  fuels.  For  example,  giver 


w 


Pig.  68.  Ramjet  engine,  diameter  400  mm,  used  for 
the  investigation  of  the  combustion  of  boron  fuels 
[2].  l)  Air;  2)  400-millimeter  ramjet  engine;  3) 
calorimeter;  4)  thermocouple;  5)  high-altitude  ex¬ 
haust;  6)  combustion  chamber;  7)  water  Jet;  8)  dif¬ 
fuser;  9)  fuel;  10)  igniter;  ll)  flame  holder;  12) 

.  variable-area  nozzle. 


Fig.  69.  Effect  of  the  excess-combus¬ 
tible  ratio  and  the  fuel-to-air  ra¬ 
tio  on  the  efficiency  of  the  combus¬ 
tion  of  a  suspension  containing  50$ 
24-micron  magnesium  in  JP-3  fuel  with 
0.8$  gelatinizing  additive  (l),  and 
JP-3  fuel  (2);  3)  combustion  effi¬ 
ciency.  $;  4)  excess-combustible  ra¬ 
tio;  5)  fuel-to-air  ratio. 


equal  excess-combustible  ratios,  flame  detachment  in  the  case  of  JP-4 
aviation  kerosene  takes  place  in  an  experimental  engine  at  a  velocity 
of  20  m/sec  for  the  air  stream,  and  in  the  case  of  the  50$  magnesium 
suspension,  the  flame  detachment  takes  place  at  30-32  m/sec. 
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Pig.  70.  Combustion  efficiency  (com¬ 
pleteness  of  combustion)  of  JP-4  fuel 
and  two  30#  boron  suspensions  pre¬ 
pared  with  JP-4  fuel.  1)  JP-lj  2) 
97^-pure  boron;  3)  86^-pure  boron; 

4)  combustion  efficiency,  5)  ex- 
cess-combustible  ratio. 


Thus  basically  magnesium  suspensions  are  proposed  fpr  acceleration 
systems  for  aircraft  and  possibly  rockets,  given  the  continued  improve¬ 
ment  of  the  feed  systems;  the  problem  of  using  boron  suspensions  was 
not  resolved  in  the  cited  investigations  in  view  of  the  inadequate 
completeness  of  combustion. 
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[Footnotes] 
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Hie  cost  of  1  kg  of  metallic  beryllium  in  the  USA  is 

$130. 

210 

At  the  same  time,  it  was  reported  that  the  cost  of  1 
of  pentaborate  [sic.  ]  in  the  USA  in  1958  was  $800. 
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Chapter  6 

COMPLETENESS  OF  FUEL  COMBUSTION  AND  CARBON 
FORMATION  IN  AIR-BREATHING  JET  ENGINES 

1.  COMPLETENESS  OF  JET- FUEL  COMBUSTION 

The  entire  quantity  of  heat  that  corresponds  to  the  fuel's  heat¬ 
ing  value  is  not  liberated  when  fuel  is  burned  in  an  engine.  The 
reason  for  this  consists  in  the  formation  of  a  certain  quantity  of 
carbon  monoxide,  deposition  of  carbon  in  the  form  of  an  elementary 
deposit,  and  the  formation  of  a  small  quantity  of  pyrolysis  produces 

of  the  fuel  (hydrocarbon  gases). 

The  ratio  of  the  quantity  of  heat  actually  liberated  on  combus¬ 
tion  of  a  unit  weight  of  fuel,  Qf,  to  the  lower-limit  heating  value 
reflects  the  degree  to  which  the  heat  is  utilized  in  the  engine. 
This  ratio  is  known  as  the  heat-evolution  factor  or  the  combustion 

efficiency.  The  heat-evolution  factor  T)z  =  The  ratio  Qf/^n 

expressed  in  percent  is  usually  known  as  the  completeness  of  com¬ 
bustion  (cp) . 

ip= St  •  ioo. 

''M 

Under  the  engine's  normal  operating  conditions,  the  complete¬ 
ness  of  combustion  reaches  94-98$,  but  under  unfavorable  conditions 
(see  below)  it  may  drop  to  75-80$,  which  is  equivalent  to  a  20-25$ 
heat  loss. 

The  combustion  process  of  the  fuel  in  an  air-breathing  Jet  en¬ 
gine  takes  place  in  the  primary  combustion-chamber  zone  at  a  tempera- 
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ture  of  1900-2200°  with  a  quantity  of  air  close  to  the  quantity 
theoretically  necessary.  Then  the  products  of  combustion  are  diluted 
by  an  excess  of  air,  with  the  result  that  the  temperature  of  the 
gases  has  dropped  to  750-850°  (secondary  zone)  before  arrival  at 
the  turbine.  The  necessity  of  lowering  the  gas  temperature  is 
associated  with  the  limited  high- temperature  oorrosion  resistance 
of  the  turbine  blades.  The  additional  air  also  cools  the  components 
of  the  engine.  As  a  result,  the  gases  flowing  from  the  nozzle  of  an 
air-breathing  jet  engine  contain  a  considerable  excess  of  oxygen  in 
addition  to  C02,  HgO,  and  Ng. 

Some  incompleteness  of  combustion  is  noted  in  practice  even  with 
an  excess  of  air  present. 

The  ratio  of  the  quantity  of  air  supplied  to  the  engine  to  the 
quantity  theoretically  necessary  for  combustion  of  fuel  is  known  as 
the  excess-air  ratio. 

The  completeness  of  combustion  and  the  excess-air  ratio  may  be 
determined  from  gas  analysis  of  the  combustion  products,  and  if  the 
excess-air  ratio  is  known,  the  completeness  of  combustion  is  deter¬ 
mined  from  the  other  parameters  that  characterize  the  evolution  of 
heat,  e.g.,  the  combustion  temperature.  In  turbojet  engines,  the 
excess-air  ratio  is  considerably  greater  than  unity  and  comes  to 
a  =  4  to  6  in  the  basic  operating  modes. 

Let  us  consider  as  an  example  combustion  of  cyclohexane  with  an 
inadequate  quantity  of  air  (a  =  0.835),  with  the  theoretically  neces¬ 
sary  quantity  of  air  (a  =  l)  and  with  an  excess  of  air  (a  =  4): 

C,H,»  +  7VA  +  28,2N2  -  3COj  +  3CO  +  6H,0  +  28.2NT,  ^ 1  ^ 

C,H„  +  90,  +  34N,  -  6CO,  +  6H,0  +  34N,  ( 2 ) 

C«H„  +  360,  +  135N,  -  6CO,  +  6H,0  +  270,  +  135N, 

(3) 

Equations  ( 1 ) - ( 3 )  have  been  written  on  the  basis  of  the  air 

composition  0o  +  3-76  N0. 
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As  we  have  already  noted,  certain  fuel  losses  (2-5$)  take  place 
as  a  result  of  incomplete  combustion  even  with  an  excess  of  air. 

This  can  be  accounted  for  by  the  fact  that  the  combustion  process  is 
completed  in  a  short  time  (in  approximately  1*10”J  sec),  and  the 
fuel  does  not  have  time  to  burn  completely. 

Applying  Eqs .  (2)  and  (l),  let  us  find  the  completeness  of  com¬ 
bustion  of  cyclohexane  from  the  composition  of  the  combustion  products. 

For  this  purpose,  we  must  divide  the  quantity  of  heat  evolved 
in  incomplete  combustion  of  cyclohexane  by  the  quantity  of  heat  that 
would  be  evolved  in  complete  combustion: 

C0^2C.84  +  C0i%-H4S  +  H,0K-57,84 
<P*!  CO,% -94.45 +  Hio% -57,^ 

where  CO,  COg,  and  ^0  represent  the  composition  of  the  combustion 
products  in  moles  (on  the  basis  of  the  combustion  equation)  or  per¬ 
centages  by  volume  found  by  gas  analysis.  In  experimental  determina¬ 
tion  of  combustion  completeless  on  the  basis  of  gas  composition,  the 
sum  CO  +  CO^  in  the  combustion  products  corresponds  to  the  quantity 
of  COg  corresponding  to  complete  combustion.  The  quantity  of  water 
vapor  is  not  determined  experimentally,  but  computed  from  the  chemi¬ 
cal  formula  or  elementary  composition  of  the  fuel. 

According  to  Eq.  (3),  the  completeness  of  combustion  of  cyclo¬ 
hexane  is  77.8$;  this  corresponds  to  a  heat-evolution  factor  of 
0.778  or  to  the  evolution  of  8100  kcal/kg  in  incomplete  combustion. 

In  air-breathing  jet  engines,  the  completeness  of  combustion 
depends  on  the  chemical  and  fractional  composition  of  the  fuel.  Here 
it  is  necessary  to  remember  that  when  the  combustion  process  is 
"well-organized, "  combustion  may  go  to  95-98$  of  completion,  and  in 
this  case  the  influence  of  fuel  composition  will  be  unnoticeable, 
since  all  of  the  fuel  will  burn  with  evolution  of  the  same  quantity 
of  heat . 
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However,  the  conditions  under  which  fuels  are  used  in  engines 
are  variable  and  not  restricted  to  the  basic  mode.  Combustion  of  the 
fuel  in  the  engine  may  take  place  under  complicated  conditions  in 
which  the  completeness  of  combustion  amounts  to  75-85#.  Combustion 
at  depressed  pressures  (below  0.8-1  atmosphere),  combustion  with 
large  excesses  of  air  cooling  the  combustion  zone,  combustion  at  low 
engine  rpm’s,  etc.,  constitute  complicated  conditions. 

Under  these  conditions,  completeness  of  combustion  comes  to  de¬ 
pend  on  the  chemical  and  fractional  composition  of  the  fuel.  At  first 
glance,  it  may  appear  that  fuel  composition  exerts  no  influence, 
since  the  basic  combustion  process  takes  place  at  high  speeds  and 
temperatures  from  1900  to  2200°,  i.e.,  under  conditions-  under  which 
the  oxidation  rate  is  so  large  that  fuel  composition  cannot  affect 
it. 

However,  more  detailed  examination  of  the  combustion  process 
leads  us  to  the  contrary  conclusion. 

The  fuel- combust ion  process  is  a  complex  and  multi-stage  set  of 
physical  and  chemical  phenomena  that  unfold  at  various  temperatures. 
The  physical  phenomena  include  atomization  of  the  fuel,  its  vapori¬ 
zation,  the  formation  of  a  vapor-and-air  mixture  and  heating  of  the 
combustible  mixture.  The  chemical  phenomena  include  the  oxidation  re¬ 
actions  of  the  fuel  in  the  preignition  zone,  with  the  result  that 
intermediate  combustion  products  -  various  oxygen-containing  compounds 
-  are  formed. 

The  next  stage  is  that  of  self- ignition  or  firing  of  the  com¬ 
bustible  fuel-air  mixture  by  the  heated  products  of  combustion.  It 
includes  a  sharp  increase  in  the  rates  of  the  chemical  reactions  to 
values  characteristic  for  the  formation  of  the  ultimate  combustion 
products.  The  more  complex  the  fuel  composition,  the  more  probable 


-  247  - 


are  preignition  processes  and  the  more  important  will  be  the  part 
that  they  take  in  combustion.  Thus,  for  example,  in  combustion  of 
pentane,  the  reactions  of  cracking  and  low-temperature  oxidation  are 
less  probable  in  the  preignition  zone  than  in  the  combustion  of,  for 
example,  hexadecane. 

At  moderate  temperatures  from  100  to  300°,  hexadecane  undergoes 
considerable  oxidation  at  a  higher  rate  than  does  pentane,  and  is 
also  much  more  easily  cracked.  If  combustion  develops  in  advance  of 
the  flame  front  through  self-ignition  of  microvolumes  of  fuel  with 
air,  it  will  go  farther  toward  completion  with  paraffinic  hydrocar¬ 
bons  than  with  aromatic  hydrocarbons,  since  paraffinic  hydrocarbons 
have  lower  self- ignition  points.  However,  the ‘role  taken  by  the  pre¬ 
ignition  processes  and  intermediate  products  in  combustion  of  hydro¬ 
carbon  fuels  in  air-breathing  Jet  engines  is  unknown.  It  would  appear 
that  the  importance  of  the  chemical  composition  of  the  fuel  and 
various  minor  additives  reduces  to  stimulation  of  the  preignition 
processes,  i.e.,  stimulation  of  reactions  in  a  relatively  low-tempera¬ 
ture  region  (below  the  combustion  temperature).  It  may  be  found  that 
as  a  result  of  poor  mixing  or  low  pressure,  such  processes  in  the 
preignition  zone  as  the  oxidation,  self- Ignition,  and  ignition  re¬ 
actions  of  the  vapor-air  combustible  mixture  will  be  protracted  and, 
consequently,  this  will  be  the  slowest  stage,  and  one  that  retards 
the  process  as  a  whole.  In  this  case,  combustion  of  the  fuel  will 
depend  to  a  considerable  degree  on  the  chemical  composition  of  the 
fuel  (since  reactions  in  the  preignition  zone,  whic.h  depend  on  fuel 
and  additive  composition)  will  acquire  greater  significance,  and  the 
influence  of  additives  that  stimulate  the  initial  stages  of  combus¬ 
tion  will  also  be  noticeable. 

It  would  also  be  of  interest  to  take  completeness  of  combustion 
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into  account  in  the  light  of  the  fact  that  the  specific  fuel  con¬ 
sumption  rises  when  it  is  not  completely  burned  and,  consequently, 
the  flight  range  of  the  aircraft  is  shortened.  The  specific  fuel  con¬ 
sumption  for  an  air-breathing  jet  engine  may  be  characterized  by 
the  following  equation  as  a  function  of  heating  value  and  complete¬ 
ness  of  combustion  (See  Chapter  l): 

„  ttOO-gt 

J  +**- *} 

where  Q  is  the  heating  value,  gfc  is  the  ratio  of  fuel  to  air  weight, 

n  is  the  heat- evolution  factor,  v  is  the  flight  speed  and  g  is  the 

'z  _  — 

acceleration  of  gravity. 

Accordingly,  the  specific  consumption  of  a  fuel  with  a  heating 
value  of  10,250  kcal/kg  and  the  flight  range  vary  as  functions  of  the 
completeness  of  combustion,  as  follows: 


1) 

ilaniioTi 

2) 

yxcjikiiwH  pacxoj 

CiiiimchIc 

’  nojiiw2 

2) 

yxcJihiiuA  pncxoA 

JL 

cropami* 

Kt  (  «C 

aaXbllOCTH 

crop. hh a 

TOIMNia,  Kt  1  lie 

AIJIhHOCTH 

HI  «  T«r* 

noJVCTt,  M 

Mt  Kt  TXI-H 

nojiera,  % 

1,00 

1.0 

— 

0,85 

1,18 

18 

0,95 

1,05 

5 

0,80 

1,20 

20 

0,00 

1.11 

11 
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33 

1)  Completeness  of  combustion;  2)  specific  fuel  consumption,  kg  per 
hour  per  kg  of  thrust;  3)  loss  in  range  of  flight,  $. 

Apart  from  the  design  features  of  the  engine,  completeness  of 
combustion  depends  on  the  pressure  at  which  the  process  occurs.  Com¬ 
bustion  completeness  drops  considerably  at  pressures  below  1  atmosphere. 

The  pressure  at  which  combustion  of  fuel  occurs  depends  on  the 
degree  to  which  the  air  is  compressed  by  the  turbojet's  compressor, 
on  altitude,  and  on  flight  speed. 

At  a  flight  speed  of  750-800  km/hr,  the  combustion- chamber  pres¬ 
sure  is  determined  by  the  pressure  of  the  surrounding  atmosphere  ard 
the  compression  of  the  air  by  the  compressor  (Table  70)  .  - 


TABLE  70 

Air  Pressure  and  Pressure  in  Chamber  of  Turbojet  Engine  at  Different 
Altitudes  (without  taking  velocity  head  into  consideration) 
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0,21 
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1)  Altitude  above  sea  level,  m;  2)  air  pressure;  3)  mm  Hg;  4)  atmos¬ 
pheres;  5)  pressure  (atmospheres)  in  engine  chamber  at  compression 
ratio  of. 


At  flight  speeds  above  1000  km/hr,  the  air  is  precompressed  by 
the  velocity  head. 

In  this  case,  the  pressure  value  may  be  determined  by  the  formula 

p**p9(l  +  0,2  • 


where  M  is  the  Mach  number  (which  is  equal  to  unity  at  the  speed  of 


TABLE  71 

Pressure  of  Decelerated  Air  Flow  in  Ramjet  Engine  as  a  Function  of 
Flight  Altitude  and  Speed 
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0,93 

*M  is  the  Mach  number.  This  number  is  used  to  characterize  speed. 
At  M  =  1,  the  speed  thus  characterized  is  equal  to  that  of  sound 
(~  1200  km/hr) . 

1)  Altitude  above  sea  level,  km;  2)  pressure  (atmospheres)  of  de¬ 
celerated  air  flow  at  Mach*  number  of. 


sound,  330  m/sec),  k/(k  -  l)  is  3.5  for  air.  At  flight  speeds  of  1  to 
2  times  the  speed  of  sound,  we  observe  considerable  precompression  of 
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the  air;  this  is  known  as  decelerated- flow  pressure  (Table  71). 


TABLE  72 

Completeness  of  Combustion  for  Various  Fuels  in 
Stationary  Testing  Under  Conditions  Equivalent  to 
Flight  Conditions  [1] 


1) 

TOfMIHtO 

7] — 

Opmcxh  iu- 
KiniNM,  *C 

rOjKMHi, 

% 

“TT~ 

Buxuieime 

renaa, 

xmVk* 

5 

|  AbHIUHOHHUA  &H3IIH . 

53-174 

85 

8900 

6 

|  ToiMIIBO  UlHpOKOrO  (j>paKUHOHIIOro  COCT38J 

60-249 

83,5 

8700 

7 

1  ABHIUHOHHUA  KtpOCHK  . . 

148-264 

■83 

8500 

1)  Fuel;  2)  boiling  range,  °C;  3)  completeness  of 
combustion,  #;  4)  heat  evolved,  kcal/kg;  5)  avia¬ 
tion  gasolines;  6)  broad-fraction  fuel;  7)  aviation 
kerosene. 


TABLE  73 

Completeness  of  Fuel  Combustion  at  High 
Altitude  as  a  Function  of  Ratio  of  Air 
to  Fuel  and  Chemical  Composition  of  Fuel 
[1,  2] 
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1)  Fuel;  2)  group  composition,  3)  complete¬ 
ness  of  combustion  ($)  at  air: fuel  ratio  of; 

4)  aviation  kerosene;  5)  aromatic;  6)  naphthenes; 
7)  paraffines;  8)  paraffinic-hydrocarbon  con¬ 
centrate;  9)  initial  boiling  159°;  10)  end  of 
boiling  265°;  11)  aromatic-hydrocarbon  concen¬ 
trate;  12)  initial  boiling  166°;  13)  end  of 
boiling  253°. 


The  heat  loss  due  to  incomplete  combustion' depends  on  where  com- 
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bustion  takes  place  -  in  the  turbojet-engine  chamber  or  in  the 
afterburner  —  and  on  the  degree  to  which  the  air  is  compressed 
in  the  engine. 

In  ramjet  engines,  compression  of  the  air  is  effected  only  by 
the  velocity  head,  so  that  at  flight  speeds  of  the  order  of  2400- 
3600  km/hr  at  a  25-km  altitude,  the  pressure  in  the  engine  will  be 
lower  than  1  atmosphere. 

When  an  additional  quantity  of  fuel  is  burned  in  the  after¬ 
burners  of  a  turbojet  engine  at  flight  speeds  of  1200- 1800  km/hr, 
the  combustion  process  at  altitudes  of  12  to  20  km  apparently  always 
takes  place  at  depressed  pressures,  and  considerable  incompleteness 
of  combustion  may  be  expected  in  these  cases. 

Let  us  examine  experimental  data  on  the  completeness  of  combus¬ 
tion  for  various  fuels. 

The  completeness  of  fuel  combustion  is  shown  in  Table  72  as  a 
function  of  fractional  composition. 

As  noted  above,  completeness  of  combustion  depends  on  the  quan¬ 
tity  of  air  passing  through  the  engine. 

Table  73  shows  the  completeness  of  fuel  combustion  at  high  alti¬ 
tude  as  a  function  of  the  chemical  nature  of  the  fuel  and  the  excess- 
air  ratio. 

Under  favorable  conditions,  the  difference  in  combustion  com¬ 
pleteness  between  paraffinic  and  aromatic  hydrocarbons  virtually 
vanishes  (airsfuel  ratio  40,  a  =  2.5). 

With  large  air  excesses  (air: fuel  ratio  80  to  100),  at  which 
considerable  cooling  of  the  combustion  zone  apparently  takes  place, 
we  observe  a  drop  in  completeness  of  combustion,  particularly  with 
aromatic  hydrocarbons  [3,  4], 

Figures  71  and  72  show  the  influence  of  chemical  composition  and 
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engine  operating  inode  (air:fuel  ratio)  on  the  completeness  of  fuel 
combustion  at  a  combustion-chamber  pressure  of  1.3  atmospheres.  At 
an  air:fuel  ratio  of  50  (a;!),  all  fuels  burn  to  about  98#  of 
completion.  However,  under  less  favorable  conditions  (a  ~  8),  the 
completeness  of  fuel  combustion  drops  off,  and  does  so  most  sharply 
in  the  aromatic  hydrocarbons . 

Figure  73  shows  the  effectiveness  of  combustion  as  a  function  of 
fuel  fractional  composition  for  various  engine  operating  modes.  As 
we  have  already  noted,  completeness  of  combustion  shows  virtually  no 
dependence  on  fuel  fractional  composition  under  favorable  conditions, 
but  with  large  air  excesses  (a  =  4  to  8),  differences  appear  in  the 
combustion  efficiency,  which  is  highest  for  the  light  fuels. 

The  heat-evolution  factor  in  combustion  of  various  fuels  under 
high-altitude  conditions  is  shown  in  Fig.  74  [5]  as  a  function  of 
fuel  chemical  composition.  In  plotting  the  diagram,  the  efficiency 
of  heat  evolution  for  standard  fuel  was  taken  as  100. 

We  observe  the  greatest  amount  of  evolved  heat  per  init  weight 
on  combustion  of  fuels  under  high-altitude  conditions  in  the  paraffinic 
hydrocarbons,  and  the  highest  figure  per  unit  volume  in  the  aromatic 
hydrocarbons,  although  these  are  distinguished  by  lower  completeness 
of  combustion. 

Normally,  the  fuel  is  fed  into  the  combustion  chamber  in  liquid 
form,  where  it  is  atomized  by  centrifugal  nozzles,  mixed  with  air, 
and  ignited.  Combustion  chambers  for  burning  prevaporized  fuel  have 
recently  been  developed.*  In  vaporizing-type  chambers,  completeness 
of  combustion  is  also  a  function  of  fuel  chemical  composition  [6]. 

The  variation  of  fuel-combustion  efficiency  for  fuels  of  various 
chemical  compositions  is  shown  in  Fig.  75  as  a  function  of  air: fuel 
ratio  in  the  chamber  with  vaporization  of  the  fuel. 


In  1954,  a  paper  by  Sharp  [6]  devoted  detailed  consideration  to 
the  influence  of  the  chemical  and  fractional  composition  of  the  fuel 
on  the  combustion- chamber  characteristics  as  regards  completeness  of 
combustion  and  carbon  formation,  and  to  the  limits  within  which  it 
is  possible  to  reduce  the  influence  of  fuel  type  by  improving  the 
combustion  chamber. 

The  characteristics  of  fuels  F  and  E,  which  were  used  in  the 
investigations,  are  presented  in  Table  74. 

TABLE  74 

Characterization  of  Tested  Fuels  E  and  F 
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tent,  %;  7J  fuel  E;  8)  fuel  F. 
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Fig.  71.  Influence  of  chemical 
composition  of  fuel  and  operat¬ 
ing  mode  of  engine  (air: fuel 
ratio)  on  completeness  of  com¬ 
bustion;  1)  Technical  Isooctane, 
b.p.  72-946;  2)  technical  iso¬ 
octane  with  b.p.  96-109°;  3)  iso¬ 
decane  with  b.p.  164-198°;  4) 
aviation  kerosene  with  b.p.  151- 
273°.  A)  Completeness  of  combus¬ 
tion,  $;  B)  air:fuel  ratio.  ^ 


Fig.  72.  Influence  of  chemical 
composition  of  fuel  and  engine 
operating  mode  on  completeness 
of  combustion.  1)  Paraffinic; 
2)  standard;  3)  naphthenic; 

4)  aromatic.  A)  Completeness 
of  combustion,  B)  air:fuel 
ratio. 


f 


Fig.  73.  Efficiency  of  fuel  combustion  as  i 
function  of  fractional  composition  at  in¬ 
coming-air  pressure  of  0.57  atmosphere  and 
temperature  of  125°.  1)  Broad- fraction  fuel; 

2)  mixture  of  50#  gasoil  and  50#  gasoline; 

3)  gasoline;  4)  aviation  kerosene;  5)  gasoil. 
A)  Combustion  completeness  factor  (from  ther¬ 
mal  balance),  #;  B)  airrfuel  ratio. 


Fig.  74.  Heat- evolution  factor  in  combustion 
of  various  fuels  under  high-altitude  conditions. 

1)  Standard  RT-2978;  2)  naphthenic;  3)  paraffinic; 
4)  aromatic.  A)  Efficiency  of  heat  evolution; 

B)  altitude,  km. 


Fig.  75.  Influence  of  chemical  nature  of  fuel  and 
air: fuel  ratio  on  completeness  of  combustion  in 
vaporizer-type  chamber  at  air  pressure  of  0.63  atmos¬ 
phere  and  temperature  of  60°.  1)  Cyclohexane; 

2)  isopropylbenzene;  3)  benzene;  4)  xylene;  5)  toluene. 
A)  Combustion  completeness  factor  based  on  C0?,  #; 

B;  air: fuel  ratio.  d 
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Fig.  76.  Combustion-completeness 
ratio  of  fuel  as  a  function  of 
engine  rpm's  at  sea  level,  l) 
Fuel  F;  2)  fuel  E.  A)  Combus¬ 
tion-completeness  ratio  based 
on  CO  ,  $;  B)  rpm. 
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Fig.  77.  Influence  of  fuel 
viscosity  (standard  gasoil)  and 
nozzle  type  on  combustion- com¬ 
pleteness  factor  at  pressure  of 
0.8  atmosphere  and  air  tempera¬ 
ture  of  125°.  1,  2,  3)  Various 
types  of  nozzles;  A)  Combustion- 
completeness  ratio  based  on  C0o, 
B)  entry  temperature  of  fuel,  ^ 
°C;  C)  kinematic  viscosity  of 
fuel  at  entry  into  nozzle,  centi- 
stokes. 


The  influence  of  the  chemical 
composition  and  volatility  of  the 
fuel  is  manifested  chiefly  in  un- 

I 

favorable  engine  operating  modes.  This 

Fig.  78.  Change  in  combustion-  is  illustrated  by  Fig.  76,  which  shows 
completeness  factor  in  engine 

a?^?°fzle  ^amber  at  various  completeness  of  fuel  combustion  (char- 
altitudes.  1)  Engine;  2)  cham- 

J'er>  25#  augmentation;  3)  cham-  acterized  by  ratio  of  C0^  in  combus- 
ber,  17 %  augmentation;  A)  Com-  2 

bustion-completeness  ratio,  %;  tion  products  to  theoretical  quantity 
B)  altitude,  kilometers. 

of  COg)  as  a  function  of  engine  rpm's 
between  4000  and  16,000.  At  normal  rpm's  (10,000-16,000),  the  fuels 
were  equivalent  in  completeness  of  combustion.  At  lew  rpm's,  i.e., 
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with  reduced  air  and  fuel  flow  rates  and  pressures,  fuels  having 
high  volatility  and  lov;  aeromatic- hydrocarbon  content  give  consider¬ 
ably  higher  completeness  of  combustion.  Thus,  fuel  E  (density  O.87), 
which  contained  23#  of  aromatic  hydrocarbons,  burned  to  85#  of  com¬ 
pletion  with  the  engine  turning  at  6000  rpm,  while  fuel  P  (density 
0.78),  which  contained  10.6#  of  aromatic  hydrocarbons,  burned  to 
92.5#  of  completion. 

The  relationship  between  completeness  of  fuel  combustion  and 
chemical  composition  is  manifested  with  particular  distinctness  as 
the  air  excess  is  increased,  but  these  differences  can  be  reduced 
by  improving  atomization. 

The  viscosity  of  the  fuel  influences  its  atomization  and  the 
quality  of  mixture  formation,  which,  in  turn,  are  reflected  in  the 
completeness  of  combustion.  However,  this  effect  depends  on  the 
elegance  with  which  the  process  of  atomization  and  mixing  the  fuel 
with  air  is  set  up  (Fig.  77) . 

Highly  interesting  data  on  combustion  of  fuels  in  afterburners 
[7]  were  published  in  1955* 

The  afterburner  is  an  elongated  jet-engine  nozzle  in  which  a 
supplementary  quantity  of  fuel  is  burned.  This  is  made  possible  by 
virtue  of  the  fact  that  the  combustion  products  entering  the  jet 
nozzle  after  the  turbine  have  a  high  temperature  (500-600°)  and  a 
considerable  oxygen  excess,  since  the  combustion  process  in  the  en¬ 
gine  chamber  proceeds  at  4-6  a. 

The  beginning  of  development  of  afterburners  to  increase  the 
thrust  of  turbojet  engines  dates  from  the  period  from  1949-1950. 

Modern  afterburners  are  used  for  the  following  purposes: 

1)  to  assist  takeoff  of  heavy  bombers  from  the  ground; 

2)  to  increase  the  speed  of  interceptors. 
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The  afterburner  pressure  depends  on  the  altitude  and  speed  of 
flight.  At  subsonic  speeds  and  high  altitudes,  the  pressure  in  the 
afterburner  is  low  and  the  range  of  stable  combustion  is  narrow. 

An  afterburner  can  be  used  to  increase  the  thrust  developed  by 
the  engine,  but  the  specific  fuel  consumption  rises  considerably  when 
this  is  done.  This  will  be  evident  from  the  following  data: 


thrust  developed  by  engine  at  surface,  kg . 7,700 

fuel  consumption,  liters  per  hour . 9,350 

specific  fuel  consumption,  liters/hour -kg .  1.22 

thrust  with  afterburner  cut  in,  kg . 10,900 

afterburner  thrust,  kg . 3,200 

fuel  consumption  with  afterburner  in  operation, 

liters/hour . 19,500 

fuel  consumption  in  afterburner,  liters/hour . 10,195 

specific  fuel  consumption,  liters/hour -kg . • .  3.18 


At  flight  speeds  below  1800  km/hr,  the  fuel  consumption  increases 
to  45,460  liters/hr  with  the  afterburner  operating. 

Experimental  data  on  the  performance  of  engines  with  after¬ 
burners  under  high-altitude  conditions  are  of  great  importance,  but 
it  is  very  difficult  to  secure  them. 

Normally,  the  tests  are  carried  out  in  wind  tunnels,  on  flying 
"laboratory"  aircraft,  or  in  ordinary  aircraft. 

Figure  78  shows  the  variation  of  the  fuel-combustion  completeness 
factor  under  flight  conditions  in  an  engine  equipped  with  an  after¬ 
burner  . 

At  an  altitude  of  16  km  the  combustion-completeness  factor  in 
the  afterburner  is  75$- 

At  high  altitudes,  a  major  part  of  the  thrust  is  produced  in  the 
afterburner,  which  functions  as  a  ramjet  engine,  while  the  turbojet 
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engine  is  essentially  an  appendage  to  it  [7]. 


Apart  from  investigation  of  fuel-combustion  completeness  under 

j  j 

various  conditions  of  application  in  full-sized  engines  and  models, 

,  J  ' 

study  of  this  problem  on  small  laboratory  instruments  is  of  interest 

in  the  first  stage  of  research.  1 

The  use  of  laboratory  methods  with  the  object  of  determining 
the  characteristics  of  a  fuel  is  advisable,  since  it  enables  us  to 
work  with  small  quantities  of  fuel  and  individual  hydrocarbons  that 
are  not  available  for  testing  on  large  scales. 

The  author  developed  [8]  a  special  laboratory  apparatus  with  a 
ramjet-type  combustion  chamber  (Pig.  79)  for  study  of  combustion 
completeness  in  individual  hydrocarbons. 

The  chamber  consists  of  a  cylindrical  section  open  at  both  ends. 
Air-atomized  fuel  is  fed  into  the  lower  part,  which  is  70  mm  in 
diameter  and  200  mm  long,  at  a  rate  of  about  1  g/sec.  The  fuel,  which 
has  been  mixed  with  air,  is  ignited  by  an  electric  spark  (or  by  a 
special  miniature  burner)  and  burns.  The  combustion  products  issue 
from  the  top,  nozzle  part  of  the  chamber,  which  is  30  mm  in  diameter. 
Ignition  of  the  fuel  sets  up  an  intensive  flow  of  air,  in  an  excess 
of  which  (a  =  I.38)  combustion  of  the  fuel  takes  place.  The  complete¬ 
ness  of  combustion  is  determined  from  the  composition  of  the  gas 
tapped  from  the  center  section  of  the  chamber  through  a  special  tube 
into  a  vacuum  burette. 


The  completeness  of  fuel  combustion  is  determined  by  gas  analysis 
from  the  quantity  of  CO  and  C02  that  has  formed  (it  is  assumed  that 
the  hydrogen  of  the  fuel  has  burned  to  form  water) .  Special  gas  analy¬ 
zers  -that  make  it  possible  to  determine  CO  and  C02  in  concentrations 
to  hundredths  of  a  percent  are  used  for  analysis  of  the  combustion 
products,  which  are  diluted  with  a  large  quantity  of  air. 
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of ^relat lvp^™n?ff Moratory  combustion  chamber  for  study 

Hnn  i!  !V!<  ??pleteness  of  combustion  and  carbon  forma-  y 
tion  in  individual  hydrocarbons  and  fuels  w!  ■, 

section  of  combustion  chamber;  2)  nozzle  section  o?  cim 

?S  a°nd?1fherj  H  3lr  nozzla-  *) “nmnlr  X f»  :T 

5)  stand;  6)  hole  for  tapping  gas.  A)  Nitrogen. 


The  combustion  completeness  of  the  fuels  was  studied  in  both 
the  atomized  and  vaporized  forms. 

When  the  fuel  Is  burned  in  vaporized  form,  the  influence  of 
='.'~h  physical  factors  as  atomization  and  vaporization  is  excluded, 
and  the  part  taken  by  the  fuel's  chemical  structure  is  more  apparent 

Table  75  lists  combustion-completeness  figures  for  individual 
hydrocarbons . 


The  completeness  of  combustion  of  vaporized  fuels  is  somewhat 
higher  than  that  of  atomized  fuels.  Naturally,  this  difference  is 
related  to  a  certain  combustion- chamber  design,  since  with  clean 
combustion  -  to  97-98^  of  completion  -  it  is  not  observed,  in  principle 
however,  the  vaporized- fuel  combustion  experiments  indicate  an  in¬ 
fluence  of  the  fuel's  chemical  composition  on  the  combustion  process. 
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Figure  80  shows  the  completeness  of  combustion  of  kerosene- 
type  fuels  as  a  function  of  aromatic-hydrocarbon  content  and  the 
excess-air  ratio  (a  =  I.38  and  3.4).  With  a  =  3.^>  combustion  of  the 
fuel  was  effected  in  an  elongated  combustion  chamber  without  con¬ 
striction  of  the  nozzle  section.  The  completeness  of  combustion  de¬ 
creases  consistently  as  the  quantity  of  aeromatic  hydrocarbons  is 
increased  [8]. 

TABLE  75 

Heat  of  Combustion  of  Individual  Hydrocarbons 
in  Atomized  and  Vaporized  States  in  Laboratory 
Combustion  Chamber  [8] 


^■)  y<VICDMlOpo* 

•  noanon  repciiim.  2 

McnuAciiiip* 
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UiiMorcKcaii . 

78 

7' 

lilIXflOrCKCCH . 

76 
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74.3 

74 

fv 

EeH30J! . 

70 

|  H3onpon»fl0cH3oa . 

72.5 

71  • 

10 

11 

12 

jTcTpaaiiH . 

|  .McTiiaiiaiJiTaaiiH . 

60 

68,3 

79,8 

1  flpKaJIMH . 

70 

l]  Hydrocarbon;  2)  completeness  of  combustion,  $; 

3)  atomized  fuel;  4)  vaporized  fuel;  5)  heptane; 

6)  cyclohexane;  7)  cyclohexene;  8)  benzene;  9)  iso¬ 
propylbenzene;  10)  tetralin;  11)  methylnaphthalene; 
12)  decalin. 


Thus,  the  completeness  of  combustion  increases  in  the  following 
series  of  hydrocarbons  as  a  function  of  chemical  composition: 


aromatic  >.  aromatic 
blcyclic  s  monocyclic 


aromatic 

<  monocyclic  with  < 
side  chains 


,  naphthenic 
^  blcyclic 


<  cycloolefins  < 


monocyclic 

naphthenes 


<  paraffins 


This  applies  for  fuels  that  enter  the  combustion  chamber  in  the 
atomized  state  or  in  the  form  of  vapor. 

It  should  be  remembered,  however,  that  completeness  of  combustion 
depends  not  only  on  the  chemical,  but  also  on  the  fractional  composi- 
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Fig.  80.  Variation  of  combustion  completeness 
as  a  function  of  aromatic- hydrocarbon  con¬ 
tent  in  kerosene-type  fuels  for  two  excess- 
air  ratios,  l)  Completeness  of  combustion,#; 

2)  aromatic- hydrocarbon  content,  #. 

tion  or  on  the  boiling  point  of  the  individual  hydrocarbons.  Hence 
a  distinct  influence  of  the  hydrocarbons  of  various  series  is  ob¬ 
served  only  in  fuels  with  closely  similar  fractional  compositions. 


to 


Fig.  8l.  Schematic  diagram  of  miniature  single- 
chamber  apparatus.  1)  Receiver;  2)  electric  air 
preheater;  3)  miniature  combustion  chamber;  4) 
starting  magneto;  5)  fuel  receiver;  6)  fuel  pump; 
7)  fuel  booster  pump;  8)  fuel  filters;  9)  spot 
samplers;  10)  fuel  tanks. 


In  concluding  our  discussion  of  the  combustion-completeness 
problem,  however,  we  should  note  that  the  research  material  published 
on  this  topic  is  as  yet  inadequate  to  form  a  basis  for  judging  the 
degree  to  which  incomplete  combustion  will  lower  the  efficiency 
of  the  engines  under  all  conditions  of  application  of  the  fuel. 

However,  there  is  no  question  that  when  the  completeness  of 
combustion  diminishes,  the  specific  fuel  consumption  increases  and 
the  flight  range  decreases. 

Increasing  the  completeness  of  fuel  combustion  by  manipulating 
various  factors  under  high-altitude  conditions  (in  cases  where  com¬ 
pleteness  is  below  95-97$)  makes  it  possible  to  increase  flight  range, 
since  an  increase  in  combustion  completeness  is  essentially  equiva¬ 
lent  to  an  increase  in  heating  value. 

There  are  no  sufficiently  detailed  data  available  on  complete¬ 
ness  of  fuel  combustion  in  turbojet  and  ramjet  engines  under  various 
conditions  of  application.  This  question  requires  clarification  in 
each  specific  case. 

The  completeness  of  aviation- fuel  combustion  has  been  studied 
in  detail  by  Soviet  investigators  using  stationary  test  apparatus. 

A  schematic  diagram  of  a  scaled-down  single-chamber  apparatus  for 
investigation  of  combustion  completeness  is  shown  in  Fig.  8l.  The 
chamber  of  the  apparatus  simulates  the  fuel-combustion  process  as  it 
takes  place  under  real  conditions  ( 9 ] • 

The  completeness  of  fuel  combustion  was  evaluated  by  recording 
curves  of  the  heat-evolution  factor  as  a  function  of  combustible- 
mixture  composition  with  an  air  flow  rate  of  0.25  kg/sec  at  an  air 
temperature  of  60°. 

The  heat-evolution  factor  is  computed  by  the  formula 

WGb  +  Gm)-CplGb 

Cm  ~  Hi, 
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Pig.  82.  Combustion-completeness 
curves  for  fuels  of  various  frac¬ 
tional  compositions  as  recorded 
In  scaled-down  combustion  chamber. 
1)  B-70;  2)  TS-1;  3)  diesel;  4) 
kerosene  A . 


Pig.  83.  Combustion-completeness 
characteristics  for  T-l  Fuel  In 
VK-1  combustion  chamber  at 
various  altitudes.  1)  At  surface. 


CH, 

h/  SbH, 
h/!  in, 

2)  v 

£  )  Lliaaormcia 


CH, 

I 

C 


h/  \h 

H^:  CH 

3)  Tojyoji 


Fig.  84.  Influence  of  chemical  composition  and 
structure  of  hydrocarbons  on  length  of  combus¬ 
tion  flame,  l)  Isooctane;  2)  cyclohexane;  3) 
toluene;  4)  benzene. 
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where  tj  is  the  heat-evolution  factor,  C  t  is  the  heat  content  of 

z  p  Z 

the  combustion  products,  t  is  the  average  temperature  of  the  gases 
at  the  exit  from  the  combustion  chamber,  Cpt  is  the  heat  content  of 
the  air  at  entry  into  the  combustion  chamber,  t  is  the  air  tempera¬ 
ture  at  the  entry  into  the  combustion  chamber,  G.  and  G  are  the  ; 

d  m 

air  and  fuel  flow  rates. 

The  average  temperature  of  the  gases  (°K)  at  the  combustion- 
chamber  exit  is 


where  t1  is  the  local  temperature  in  °C  and  n  is  the  number  of  points 
of  the  chamber. 

The  completeness  of  combustion  tj  determined  by  this  method  as 

z 

a  function  of  fuel  fractional  composition  and  excess-air  ratio  a 
is  shown  in  Fig.  82.  The  lighter  the  fractional  composition,  the 
higher  will  be  the  completeness  of  combustion. 

A  description  of  the  completeness  of  combustion  of  T-l  fuel  in 
the  full-sized  VK-1  turbojet  chamber  is  shown  in  Fig.  83  for  various 
altitudes . 

A  considerable  drop  in  combustion  completeness  is  observed  at 
altitudes  above  14  km. 

The  length  of  the  combustion-products  flame  and  the  projection 
of  this  flame  from  the  chamber  represent  a  characteristic  of  complete¬ 
ness  and  stability  of  combustion  as  a  function  of  fuel  chemical  com¬ 
position  (Fig.  84) . 

2.  FORMATION  OF  CARBON  IN  COMBUSTION  OF  JET  FUELS 

In  the  combustion  of  hydrocarbon  fuels,  we  observe  deposition  of 
disperse  particles  of  carboniferous  matter  whose  composition  is  close 
to  that  of  carbon.  The  solid  particles  formed  during  combustion  - 
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apparently  as  a  result  of  pyrolysis  of  the  fuel  to  coke  _  are  carried 
away  with  the  combustion  products  and  may  be  visible  in  the  form  of 
smoke  at  high  concentrations.  Some  of  the  coking  products  are  deposited 
on  the  combustion-chamber  surfaces,  turbine  blades,  and  other  com¬ 
ponents.  Carbon  formation  depends  primarily  on  the  conditions  under 
which  the  fuel  bums  and  its  chemical  composition,  and  particularly 
on  the  carbon  and  hydrogen  contents.  Further,  carbon  formation  depends 
on  a  number  of  other  factors: 


Fig.  85.  Zones  of  carbon  deposition  in  combustion  chamber 

of  turbojet  engine. 

1)  the  degree  to  which  the  fuel  is  atomized,  which  determines 
the  conditions  under  which  the  combustible  vapors  are  mixed  with  air; 

2)  the  design  of  the  combustion  chamber; 

3)  the  temperatures  of  the  fuel  and  the  air; 

4)  the  surface  tension  and  viscosity  of  the  fuel; 

5)  the  elementary  composition  of  the  fuel  (content  of  aromatic 
hydrocarbons) ; 

6)  the  excess-air  ratio  and  the  pressure  at  which  combustion 
takes  place. 

In  combustion  of  jet  fuels,  the  carbon  formed  may  be  deposited 
on  the  nozzle  or  around  the  nozzle,  and  this  may,  in  turn,  result  in 
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Pig.  86.  Formation  of  carbon 
scale  on  nozzle  bell  of  turbo¬ 
jet  combustion  chamber  under 
test-stand  conditions. 


a  change  in  the  shape  of  the  atomized 
spray;  this  will  cause  further  carbon 
formation  and  a  drop  in  combustion 
efficiency  (Pigs.  85,  86). 

Carbon- scale  deposits  on  the 
fire  tubes  of  the  combustion  chamber 
and  distortion  of  the  atomized  jet 
may  result  in  local  overheating,  and, 
as  a  consequence  of  this,  in  deforma¬ 
tion,  cracking,  and  burnout  of  the 


combustion  chamber.  The  carbon  particles  may  progressively  erode 


the  turbine  blades . 


Carbon- scale  formation  is  insignificant  in  contemporary  engines, 
and  it  can  be  reduced  to  a  minimum  or  virtually  eliminated  when  the 
combustion  process  is  well  organized.  Considerable  attention  is  being 


4 


5 


Fig.  87.  Combustion  chamber  of  laboratory  test-stand  air- 
breathing  jet  engine,  l)  Shell  of  75-millimeter  quartz 
tubing;  2)  50-millimeter  combustion  chamber;  3)  12- 
millimeter  nozzle;  4)  quartz  exhaust  pipe;  5)  air  supply- 
pressure  3  atmospheres,  temperature  120°;  6)  fuel  nozzle- ’ 
7)  ignition;  8)  thermocouples. 


devoted  to  the  carbon- scaling  problem  in  connection  with  the  use  of 
fuels  based  on  cracking  products  and  the  wide  variety  of  engine  de¬ 
signs  in  use.  Below  we  shall  consider  the  influence  of  fuel  chemical 
composition  on  its  tendency  to  form  carbon  deposits  under  comparable 


-  267  - 


experimental  conditions. 

Several  research  reports  on  scale  formation  by  fuels  as  a  func¬ 
tion  of  their  fractional  and  chemical  composition  have  been  published 
in  the  literature. 

An  interesting  investigation  in  this  direction  was  carried  out 
by  Ye.  Starkman  et  al.  [9]  using  a  small  laboratory- type  combustion 
chamber.  Figure  87  shows  the  working  principle  of  this  chamber. 

The  purpose  of  the  investigations  was  to  ascertain  the  influence 
of  fuel  chemical  composition  on  the  tendency  of  the  fuel  to  carbon- 
scale  formation.  The  following  conditions  were  used  in  the  tests: 


Fuel  feed,  kg/hr . 2.12 

Air  supply,  kg/hr . 127  . 

Air: fuel  ratio . 60:1 

Duration  of  experiment,  min . 15 

* 

Fuel- feed  pressure,  atmospheres . 10.3 

Air- feed  pressure,  atmospheres . 2.8 

Duration  of  experiment,  min . 15 


Temperature  of  gases  at  nozzle  exit,  °C  650 

The  proportions  by  weight  of  air  and  fuel  were  varied  from  60:1 
to  75:1  and  then  to  120:1. 

The  combustion  chamber  was  a  sleeve  350  mm  long  with  an  outside 
diameter  of  50  mm  and  a  1.6-mm  wall  thickness.  Two  hundred  forty 
air  holes  3.2  mm  in  diameter  were  made  in  the  chamber  surface.  To 
permit  observation  of  the  combustion  process,  the  chamber  was  placed 
inside  a  tube  made  from  heat-resistant  glass  and  75  mm  in  diameter. 

The  combustion  chamber  was  weighed  before  and  after  the  experiment 
and  the  amount  of  scale  that  had  been  deposited  during  the  experiment 
was  determined. 

Table  J6  presents  data  on  the  quantity  of  scale  deposited  on  com- 
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bustlon  of  various  fuels  and  hydrocarbons.  It  depends  on  the  chemical 
composition  of  the  fuel  (C/H  ratio  and  volatility) . 

TABLE  76 

Scale  Deposition  in  Chamber  of  Air-Breathing 
Jet  Engine  During  Combustion  of  Various  Fuels 
and  Hydrocarbons.  Air:fuel  ratio  60:1;  dura¬ 
tion  of  experiment  15  minutes. 
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1)  Fuel;  2)  b.p.,  °C;  3)  C/H  ratio;  4)  scale 
deposited,  g;  5)  aviation  gasoline;  6)  kero¬ 
sene;  7)  hexane;  8)  insignificant;  9)  heptane; 
10)  isooctane;  11)  isodecane;  12)  cyclohexane; 
13)  cyclopentane;  14)  benzene;  15)  toluene; 

16)  cumene;  17)  decalin;  18)  tetralin;  19) 
methylnaphthalene . 


Carbon-scale  formation  depends  on  the  boiling  point  of  the  hydro¬ 
carbon  and  its  carbon  content.  The  greatest  tendency  toward  scaling 
is  exhibited  by  the  aromatic  hydrocarbons,  a  lesser  tendency  by  the 
naphthenes  and  the  least  by  the  paraffinic  hydrocarbons.  The  tendency 
to  carbon-scale  formation  can  be  represented  by  the  following  series: 

aromatic  hydrocarbon  >  aromatic  hydrocarbons  with  side  chains  > 
>  naphthenes  >  olefins  >  paraffinic  hydrocarbons. 

Petroleum  products  occupy  positions  in  this  series  in  accordance 
with  their  group  composition.  However,  scale  formation  is  not  an  addi¬ 
tive  property. 
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An  empirical  equation  linking  the  tendency  of  fuels  to  carbon 
scaling  with  the  C/H  ratio  and  boiling  point  of  the  hydrocarbons 
(and  for  petroleum  products  with  their  10$  distillation  temperature) 
has  been  derived  on  the  basis  of  experimental  investigations: 


W  « 


la 


- I--"*4’ 


where  k^  k2,  k^,  and  k^  are  coefficients. 

For  the  experimental  chamber,  this  empirical  equation  assumes 
the  following  form  with  numerical  coefficients: 

In  (-S-  -  0.8.1—  1.5)  r 
W  =  :  _ _ L  .1. 1 _ 30 

w  O..V.  1  225  ' 


where  T  is  the  temperature  (°F). 

Such  empirical  equations  cannot  be  used  to  predict  scaling  in 
all  cases,  but  they  are  suitable  for  comparative  evaluation  of  the 
influence  of  fuel  composition  on  scaling  on  the  basis  of  C/H  ratio 
and  boiling  point  or  fractional  composition. 

The  density  of  a  fuel  is  related 
to  its  composition  and  boiling  point, 
so  that  there  is  a  relationship  be¬ 
tween  scaling  and  fuel  density.  This 
relationship  is  presented  in  Fig.  88 
in  accordance  with  experimental  data. 
Fuels  with  high  densities  possess 
stronger  tendencies  to  scale  formation. 

The  design  of  the  combustion  cham¬ 
ber,  the  temperature  of  the  air  fed 
into  it,  and  the  pressure  under  which 


Fig.  88.  Influence  of  fuel 
density  on  carbon-scale  de¬ 
position  in  chamber  of  air- 
breathing  jet  engine,  l) 

Carbon  deposit,  g;  2)  density. 


combustion  takes  place  exert  an  important  influence  on  carbon- scale 
formation. 
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Scaling  diminishes  as  the  air  temperature  and  the  pressure  at 
which  combustion  takes  place  in  the  chamber  are  raised.  It  is  inten¬ 
sified  as  the  airsfuel  ratio  diminishes. 

In  a  one-hour  scale- formation  experiment  with  an  air-to-fuel 
ratio  of  50:1,  using  the  chamber  of  an  aviation  engine  under  static¬ 
testing  conditions,  it  was  noted  that  the  scaling  is  approximately  . 
directly  proportional  to  the  content  of  aromatic  hydrocarbons  in  the 
fuel  (Pig.  89).  Thus,  in  tests  of  two  aviation- kerosene  specimens 
(of  closely  similar  fractional  compositions)  containing  10  and  20# 
of  aromatic  hydrocarbons,  the  latter  kerosene  forms  twice  as  much 
scale  as  the  former.  Scaling  also  increases  with  increasing  boiling 
point  of  the  fuel  (Pig.  90).  Aromatic  hydrocarbons,  which  appear  in 
fractions  boiling  above  200°,  produce  the  heaviest  scaling. 
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Fig.  89.  Influence  of  aro¬ 
matic  hydrocarbon  content  in 
aviation  fuel  on  scale  deposit 
(in  relative  units),  l)  Scale 
deposit;  2)  aromatic- hydro¬ 
carbon  content,  #. 


Pig.  90.  Influence  of  mean  boiling 
point  of  fuel  on  scaling  for  two 
fuels  containing  10  and  20#  of 
aromatic  hydrocarbons,  l)  Scaling 
(arbitrary  units);  2)  mean  boiling 
point,  °C. 

Several  types  of  fuels  with  pre¬ 
dominant  contents  of  various  groups 


of  hydrocarbons  were  also  tested  for  scale  deposition  in  the  com¬ 
bustion  chamber  of  a  turbojet  engine  (Table  77). 
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TABLE  77 

Deposition  of  Scale  in  Chamber  of  Turbo¬ 
jet  Engine  as  a  Function  of  Fuel  Group 
Composition 


^  V  Tonjiiioo 

‘  3 

2)  ri>ymionoA  cocmii.  V. 

Pi - 

Otiiocii- 
TCJlfclfOC 
iiar.i  pood* 
ptaouaiine 

yiapa$iiilu 

7)Aimamio’itiiufi  xepocmi 

10,4 

3!), 2 

41,4 

100 

8 )  A  poManmecKoc  Ton/iimo 

75,2 

11,4 

13,4 

700 

9)Ha()iTCHODoe  > 

1/. 

51,0  . 

46,7 

70 

10)napa<|mii°D°c  • 

2,6 

5,2 

02,2 

1 

1)  Fuel:  2)  group  composition,  3)  aro¬ 
matic;  4)  naphthenic;  5)  paraffinic; 

6 )  relative  scaling;  7)  aviation  kerosene; 

8)  aromatic  fuel;  9)  naphthenic  fuel; 

10)  paraffinic  fuel. 

The  data  of  Table  77  should  be  regarded  as  characterizing  the 
tendency  of  fuels  of  different  group  compositions  to  form  scale. 

The  quantity  of  scale  deposited  depends  on  the  mass  of  fuel 
burned  during  the  test,  but  it  is  not  the  same  for  fuels  of  different 
natures.  Figure  91  shows  the  quantity  of  scale  deposited  on  the  walls 
of  the  experimental  combustion  chamber  as  a  function  of  the  quantity 
of  fuel  burned  and  its  nature  [10]. 

Catalytic-cracking  gasoil  shows  a  higher  level  of  scaling  than 
direct-distillation  kerosene;  this  becomes  particularly  marked  in  long 
experiments . 

An  interesting  relationship  was  noted  between  the  scaling  ten¬ 
dency  of  the  fuels  in  a  jet-engine  chamber  and  their  ability  to  burn 
in  air  on  the  wick  of  a  diffusion  burner  with  liberation  of  carbon. 

In  this  case,  the  technique  of  evaluating  the  quality  of  illuminating 
kerosenes  and  the  hydrocarbons  that  form  them  reduces  to  determina¬ 
tion  of  the  maximum  smokeless-flame  height  [11].  The  working  principle 
of  such  a  device  is  shown  in  Fig.  92. 

Thus,  we  observe  the  following  relationship  between  aromatic 
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Pig.  91.  Influence  of  nature  of  fuel  on  carbon 
deposition  (in  relative  units)  in  experimental 
combustion  chamber.  1)  Catalytic- cracking  gasoil 
(contains  32#  of  aromatic  hydrocarbons);  2)  kero¬ 
sene  (contains  15#  of  aromatic  hydrocarbons); 

A)  deposition  of  scale;  B)  test  time,  hours. 

hydrocarbon  content  and  maximum  smokeless-flame  height  for  the  kero¬ 
senes  [12] . 

Aromatic-hydrocarbon  content,  #  10  18  22  28 

Maximum  smokeless-flame  height,  mm  23  19  14  12 
A  characterization  of  the  tendency  of  fuels  to  scaling  on  the 
basis  of  the  smokeless- flame  height  has  recently  appeared  in  the  tech¬ 
nical  specifications  for  turbojet  fuels  such  as  JP-5. 

The  influence  of  the  chemical  structure  of  the  hydrocarbons  and 
the  number  of  carbon  atoms  In  the  molecule  on  the  maximum  rate  of  fuel 
consumption  on  a  burner  wick  without  smoking  is  shown  in  Pig.  93  [13]. 

Other  laboratory  methods  for  characterizing  the  tendency  of 
fuels  to  scaling  are  also  of  interest. 

The  author  investigated  carbon-scaling  by  fuels  using  the  labora¬ 
tory  combustion  chamber  the  working  principle  of  which  has  already 
been  described. 
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During  combustion  of  2-3  g  of  fuel,  the  carbon  liberated  was 
deposited  on  the  nozzle  section  of  the  combustion  chamber,  which  was 
then  weighed  on  an  analytical  balance  to  within  0.1  mg,  and  the  quan¬ 
tity  of  deposit  formed  was  reduced  to  1  kg  of  fuel  burned.  This  method 
of  evaluating  scale  formation  is  distinguished  by  high  accuracy  and 
good  reproducibility. 

As  determined  by  this  method,  the  scaling  values  for  hydro¬ 
carbons  having  approximately  the  same  boiling  point  are  as  follows  [8]: 


mg/g 

benzene  .  2.80 

cyclohexane  . .  0.70 

cyclohexene  .  lf*30 

heptane  . *  ]  *  q  !40 


Apart  from  its  absolute  value,  scaling  is  also  expressed  in  x-ela 
tive  units,  taking  the  scaling  of  benzene  as  unity  (Table  78). 

The  relative  scaling  values  determined  by  the  different  methods 
agree  well  for  the  various  hydrocarbons. 

The  influence  exerted  on  scaling  by  small  amounts  of  fuel  addi¬ 
tives  was  studied  simultaneously. 

The  influence  of  certain  additives  —  designated  arbitrarily  by 
A  and  B  (1-2$)  on  scaling  (in  mg  of  deposit  per  1  g  of  fuel  burned) 
is  shown  in  Pig.  94.  Thus,  the  scaling  of  fuels  with  high  aromatic 
hydrocarbon  contents  can  be  reduced  by  additives  [8], 

Data  on  the  Influence  of  additives  on  fuel  combustion  in  gas 
turbines  are  extremely  scanty. 

Thus,  in  the  middle  of  1953,  a  report  [14,  15]  appeared  on  the 
possibility  of  raising  the  combustion  efficiency  of  fuels  with  high 
aromatic-hydrocarbon  and  sulfur- compound  contents  by  the  use  of 
peroxide  and  nitrate  additives  to  the  fuel.  Hydrocarbon  hydroperoxides 

added  to  the  fuel  in  quantities  from  0.1  to  5$  were  suggested  as  addi¬ 
tives  . 
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Fig.  92.  Burner  for  defi¬ 
nition  of  tendency  of 
fuels  to  scale  by  smoking 
criterion.  1)  Fuel;  2) 
wick;  3)  air  influx;  4) 
combustion  chamber;  5) 
flame- height  measurement; 
6)  scale;  7)  lamp  chimney. 


Pig*  93*  Influence  of  chemical  structure 
of  hydrocarbons  and  number  of  carbon 
atoms  in  molecule  on  maximum  fuel  con¬ 
sumption  rate  on  lamp  wick  without 
smoking.  1)  Maximum  fuel  consumption 
rate  without  smoking;  g/sec;  2)  normal 
paraffins:  3)  isoparaffins;  4)  iso¬ 
butane;  5)  2.2-dimethylpropane;  6)  cyclo¬ 
paraffins;  7)  1-olefins;  8)  methylcyclo- 
pentane;  9)  cycloolefins;  10)  1-alkvnes; 
11)  1,3- butadiene;  12)  2-butene;  13)  iso¬ 
butene;  14)  2,5-dimethylhexadiene;  15) 
aromatic  hydrocarbons;  16)  number  of 
carbon  atoms. 


Thus,  52.6  g  of  deposit  were  obtained  in  tests  of  an  experimental 
fuel  sample  containing  99$  of  aromatic  hydrocarbons,  while  after 
addition  of  2 %  of  cumene  hydroperoxide,  only  19.9  g  of  scale  was 
formed,  i.e.,  scaling  had  been  reduced  by  more  than  half  [14], 

It  has  also  been  suggested  that  ammonium  nitrate  be  used  to  raise 
the  combustion  efficiency  of  gas-turbine  fuels.  Aqueous  solutions 
of  ammonium  nitrate  are  injected  into  the  combustion  chambers  of  com¬ 
mercial  gas  turbines  for  this  purpose  [15]. 
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Fig.  9^.  Variation  of  scaling  as  a  function  of 
aromatic- hydrocarbon  content  in  fuel  and  addi¬ 
tives  to  fuel.  1)  Without  additives;  2)  additive 
A;  3)  additive  B.  a)  Scaling,  mg/g;  b)  aromatic- 
hydrocarbon  content,  %. 


TABLE  78 

Comparative  Data  on  Relative  Scale  Formation 


- 2) 

^  'j  TopioMee 

Otiiociitcamioc  n; 

jaCop.iTnpii.in 
3jlMMrp.i  |«1 
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■  1  JUiiir.nrjib 
Ifr^pKw.iiu  (9| 

5] 

|  Bcii30fl . 

1.0 

1.0 

6] 

|  UmaorcKcaii . 

0,23 

0,3 

7i 

|  HMOKTail . 

’  0,07 

gj 

|  l'l3onponn;i6ci!30Ji . 

1,0'. 

1,01 

9 

Kcpocmi . 

0,6 

0,52 

10] 

|  Hn3eabiioc  Toruiimo . 

1,1 

1,09 

1)  Combustible;  2)  relative  ^cale  formation; 

3)  laboratory  chamber  [ 8 ] ;  4^  Starkman  engine; 
[9];  5)  benzene;  6)  cyclohexane;  7)  lsooctane; 
8)  isopropylbenzene;  9)  kerosene;  10)  diesel 
fuel . 


Like  the  completeness  of  fuel  combustion,  scaling  depends  on 
the  chemical  and  fractional  compositions  of  the  fuel.  Optimum  engine 
designs  and  operating  modes  in  which  these  phenomena  may  not  appear 
or  will  be  reduced  to  a  minimum  can  be  found.  Even  then,  however,  it 
is  necessary  to  reckon  with  incomplete  combustion  and  scaling  if  it 
becomes  necessary  to  use  lower-quality  fuel,  and  on  transition  to 
stressed  engine-operating  conditions  [  16] . 
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Manu¬ 
script  [Footnotes] 

Page 

No. 

253  *At  high  flight  speeds  (2400-3000  km/hr),  the  fuel  tanks 

may  be  heated  to  120-200°,  and  some  of  the  fuel  may 
vaporize  and  enter  the  engine  in  vapor  form. 

Manu¬ 
script  [List  of  Transliterated  Symbols] 


Page 

No. 

244 

$  =  f  = 

fakticheskiy  =  actual 

244 

h  =  n  = 

nizshiy  =  lower-limit 

249 

JR  =  ud  - 

=  udel'nyy  =  specific 

249 

T  =  t  = 

topllvo  =  fuel 
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Chapter  7 

IGNITION  PROPERTIES  OF  REACTION  FUELS 

1.  General  Data 

The  ignition  of  the  vapors  of  a  vaporized  fuel  at  atmospheric 
pressure  is  accomplished  easily  by  means  of  an  electric  spark  plug.  To 
start  turbojet  engines,  aviation  gasoline  is  employed,  because  it  pro¬ 
vides  for  good  Ignition  under  all  operating  temperature  conditions, 
Including  temperatures  as  low  as  -50°.  Apparently,  fuels  of  expanded 
fractional  composition  can  be  employed  for  the  starting  of  engines, 
since  they  contain  gasoline  fractions.  A  fuel  of  the  aviation-kerosene 
type  does  not  provide  for  reliable  starting  at  temperatures  of  the  or¬ 
der  of  -30-40°,  although  a  fuel  of  this  type,  at  standard  temperature, 
ignites  well. 

However,  the  starting  of  turbojet  engines  at  altitudes  above  10 
km,  at  a  temperature  of  below  -55°  for  the  ambient  medium,  and  at  re¬ 
duced  pressures,  involves  considerable  difficulties  in  view  of  the 
fact  that  undei;  such  conditions  hydrocarbon  fuels  are  considerably 
harder  to  ignite  and  the  initial  combustion  is  somewhat  too  sluggish 
and  does  not  exhibit  adequate  Intensity  to  ignite  the  basic  fuel.  The 
starting  of  a  turbojet  engine  prior  to  flight  is  carried  out  on  the 
ground,  i.e.,  under  favorable  conditions.  However,  it  may  become  nec¬ 
essary  to  restart  an  engine  during  flight;  this  may  occur,  for  example, 
in  the  case  of  flameout  or  the  forced  stoppage  of  an  engine;  and  it 
may  also  occur  in  the  case  in  which  only  a  part  of  the  engines  of  a 
multiengine  turbojet  aircraft  are  functioning  and  it  becomes  necessary 
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at  a  specific  instant  of  time  under  high-altitude  flight  conditions  to 
start  the  remaining  engines. 

Thus  the  study  of  the  relationship  between  the  composition  of 
fuels  and  their  ignition  and  starting  characteristics,  as  well  as  the 
possible  development  of  special  starter  fuels  for  specific  applica¬ 
tions,  are  matters  of  great  urgency. 

In  the  case  of  turbojet  engines,  by  "starting  characteristics"  of 
a  fuel  we  mean  the  capacity  of  a  fuel  to  be  ignited  by  means  of  an 
electric  spark  plug  in  the  starter  injector  and  the  possibility  of 
bringing  the  engine  to  its  operational  regime  by  means  of  the  fuel 
which  is  used  .for  starting  purposes  (the  fuel  may  be  a  starter  or  basic 
fuel).  In  this  case,  the  starter  fuel  must  provide  for  sufficiently 
stable  and  intensive  combustion  after  ignition  in  order  to  ensure  the 
ignition  of  the  basic  fuel  portion.  Thus  the  following  requirements 
could  be  imposed  on  a  TRD  [turbojet  engine]  fuel: 

a)  the  capacity  to  ignite  at  altitudes  of  10-25  km  at  pressures 
of  0.05-0.25  atm  and  at  temperatures  above  -55°; 

b)  the  capacity  to  burn  stably  at  pressures  of  0.05-0.25  atm; 

c)  combustion  intensity  at  pressures  of  0.05-0.25  atm,  adequate 
to  ensure  the  ignition  of  the  basic  fuel. 

Some  of  these  requirements  can  probably  be  resolved  by  physlco- 
mechanlcal  means  (fuel  vaporization,  mixing).  But  all  other  conditions 
being  equal,  the  chemical  nature  of  the  fuel  will  determine  whether  or 
not  these  above-mentioned  requirements  are  satisfied. 

The  starting  properties  of  a  fuel  are  determined  by  a  complex  of 
physicochemical  phenomena.  The  possibility  of  igniting  fuel  vapors  in 
a  mixture  with  air  is  determined  by: 

1)  the  concentration  limits  of  fuel  ignition  in  air; 

2)  the  minimum  fuel-air -mixture  pressure  at  which  ignition  is  pos- 
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sible; 


3)  the  minimum  energy  required  for  the  ignition  of  the  combus¬ 
tible  mixture  (the  energy  of  the  electric  spark); 

4)  the  temperature  required  for  the  self-ignition  of  the  fuel 
vapors  mixed  with  air; 

5)  ignition  lag; 

6)  the  possibility  of  propagating  the  flame  through  the  combus¬ 
tible  mixture; 

7)  the  degree  of  fuel  vaporization; 

8)  fuel  volatility; 

9)  temperature  conditions  and  the  velocity  of  the  air. 

In  addition,  ignition  is  determined  by  a  number  of  other  physical 
and  chemical  factors,  as  well  as  the  construction  and  power  of  the  ig¬ 
nition  source. 

The  role  of  the  ignition  processes  is  not  restricted  to  the  in¬ 
itial  instants  of  engine  ignition,  but  exerts  an  effect  throughout  the 
entire  fuel-burning  regime.  The  fuel-burning  process  involves  the  en¬ 
tire  period  of  time  from  the  instant  of  ignition  to  the  formation  of 
the  final  products  of  combustion.  It  is  for  this  reason  that  fuel  ig¬ 
nition  is  regarded  as  one  of  the  stages  of  burning. 

2.  Ignition  Limits  [1-5] 

The  ignition  of  fuel  vapors  by  means  of  an  electric  spark  is  a 
complex  physicochemical  process  which,  as  is  well  known,  is  character¬ 
ized  by  the  concentration  limits  of  fuel  ignition  which  are  functions 
of  the  chemical  composition  of  the  fuel.  For  example,  for  a  number  of 
substances  these  limits  have  the  following  values  [1]  (in  terms  of  the 
weight  ratio  between  air  and  fuel): 


Rich 

Lean 

mixture 

mixture 

Heptane . . 

.  4.5 

27.4 

Cyclohexane . 

.  3.9 

24.5 

Benzene . 

.  5.2 

25 

Ethylene . 

.  5.3 

55 

Aviation  kerosene . 

.  5 

25 

The  stoichiometric  ratio  of  the  combustible  (fuel)  mixture,  i.e., 
air-to-fuel,  is  approximately  equal  to  15.  The  widest  ignition  limits 
are  observed  in  the  case  of  compounds  that  are  unsaturated  in  nature  - 
ethylene  and  acetylene.  Paraffinic,  naphthenic  and  aromatic  hydrocar¬ 
bons,  as  well  as  olefins,  boiling  over  within  the  same  range  as  the 
gasolines,  exhibit  a  narrow  ignition  range  (close  ignition  limits). 

In  a  turbine,  the  fuel  mixture  ratio  (taking  into  consideration 
the  secondary  air),  in  the  opinion  of  many  authors,  may  range  from  50:1 
to  100:1  and  higher.  However,  in  the  combustion  chamber  and  in  the 
starter  injector  these  ratios  are  close  to  the  stoichiometric,  although 
we  can  assume  that  even  here  deviations  are  possible,  depending  on  the 
quantity  of  secondary  air. 

The  limits  of  ignition  change  as  a  function  of  the  power  of  the 
spark:  pulse,  the  temperature  of  the  air-vapor  mixture,  and  the  pres¬ 
sure  under  which  the  mixture  is  kept. 

Figure  95  shows  the  ignition  limits  for  the  vapors  of  three  com¬ 
bustibles  as  a  function  of  the  excess-air  ratio  and  pressure  [2]. 

Acetylene  and  propylene  oxide  ignite  at  comparatively  lower  pres¬ 
sures  and  within  a  wider  range  of  concentrations  than  do  the  paraf¬ 
finic  hydrocarbons. 

The  effect  of  the  molecular  weight  of  the  paraffinic  hydrocarbons 
C-^-Cy  on  the  ignition  limits  at  low  pressures  is  shown  in  Figs.  96  and 
97-  The  ignition  range  expands  with  an  increase  in  the  molecular  weight 
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Fig.  95.  Limits  of  ignition  by  means 
of  electrical  spark  for  various  com¬ 
bustibles  at  low  pressures.  1)  Ace¬ 
tylene;  2)  propylene  oxide;  3)  iso¬ 
pentane;  A)  pressure,  mm  Hg.  The  ex- 
cess-air  ratio  has  been  plotted  along 
the  axis  of  abscissas. 


of  the  hydrocarbons.  A  study  has  also  been  undertaken  of  the  effect 
that  a  normal  and  branched  chain  has  on  the  ignition  range;  it  turned 
out  that  the  ignition  range  for  n.  paraffins  and  isoparaffins  is  vir¬ 
tually  identical. 

3.  Minimum  Critical  Ignition  Energy 

In  addition  to  the  concentration  Ignition  limits,  the  cap;,  'ty  of 
the  combustible  mixture  to  ignite  is  characterized  by  the  minimum  en¬ 
ergy  of  the  electric  spark  which  produces  the  ignition.  Not  every 
spark,  in  ".nping  through  the  combustible  mixture,  causes  the  ignition 
of  the  mixture,  although  the  temperature  of  such  a  spark  attains  thou¬ 
sands  of  degrees.  A  certain  minimum  spark-discharge  energy  is  required 
in  order  for  ignition  to  take  place  and  to  produce  a  self-propagating 
combustion  reaction;  this  minimum  energy  is  a  function  of  the  chemical 
composition  of  the  fuel  as  well  as  of  temperature  and  pressure.  The 
energy  of  the  spark  discharge  is  generally  expressed  in  mill! joules. 
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Figure  98  shows  the  effect  of  temperature  and  pressure  on  the  minimum 
ignition  energy  of  an  electric  spark  in  the  case  of  propane-air  mix- 

I 

tures.  The  minimum  spark  energy  for  ignition,  when  pressure  is  reduced 
from  1  to  0.2  atm,  increases  by  a  factor  of  almost  ten. 

The  magnitude  of  the  critical  ignition  energy  for  a  spark  employed 
to  ignite  mixtures  of  various  compositions  ranging  from  methane  to  hep¬ 
tane,  at  atmospheric  pressure,  is  presented  in  Fig.  99.  The  higher  hy¬ 
drocarbons  (between  and  Cj)  yield  a  wider  ignition  range  for  lower 
critical  spark  energies  [3,  4]. 


Fig.  96.  Effect  of  molecular  weight  of 
hydrocarbons  on  ignition  range.  1)  Methane; 

2)  ethane;  3)  propane;  4)  butane;  5)  pen¬ 
tane;  6)  hexane.  A)  Maximum  pressure, 
mm  Hg;  B)  percentage  ratio  to  stoichio¬ 
metric  composition. 

The  minimum  spark  energy  required  for  the  ignition  of  unsaturated 
compounds  is  lower  than  that  required  for  saturated  compounds  and  is  a 
function  of  the  degree  of  saturation.  Figure  100  shows  the  magnitudes 
of  thls  energy  for  various  stoichiometric  mixture  ratios,  and  Fig.  101 
shows  the  magnitude  of  energy  for  various  hydrocarbons  containing 


A 


* 


I 


Fig.  97.  Effect  of  molecular  weight  of  hydrocarbons 
on  ignition  range.  1)  Methane;  2]  ethane;  3)  2,2- 
dime  thy  lpropane;  4)  butane;  5)  pentane;  6)  2-meth- 
ylpentane;  7)  hexane;  8)  heptane.  A)  Maximum  pres¬ 
sure,  mm  Hg;  B)  percentage  ratio  to  stoichiometric 
composition. 


Pig.  98.  Effect  of  temperature 
and  pressure  on  critical  igni¬ 
tion  energv  for  a  propane-air 
mixture,  l)  Critical  Ignition 
energy,  mill! joules;  2)  tempera¬ 
ture,  at  1  atm,  °K;  3)  pres¬ 
sure,  at  23°,  atm. 
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Pig.  99.  Effect  of  molecular  weight  and  com¬ 
position  of  mixture  on  critical  ignition 
energy  produced  by  electric  spark.  1)  Methane; 

2)  ethane;  3)  butane;  4)  heptane.  A)  Critical 
ignition  energy,  milli joules;  B)  ratio  to 
stoichiometric  composition. 

double  and  triple  bonds,  as  well  as  for  hydrocarbons  having  carbon 
atoms  of  various  skeletal  structures. 

The  minimum  ignition  energy  for  hydrocarbons  characterizes  not 
only  the  ability  of  the  hydrocarbons  to  ignite,  but  the  behavior  of 
the  hydrocarbons  during  the  operating  regime,  and  this  will  be  shown 
In  the  following  chapter. 

4,  Self -Ignition  Temperature 

The  self-ignition  temperature  is  that  temperature  at  which  the 
self  ignition  of  a  mixture  of  fuel  vapors  with  air  takes  place  without 
contact  with  an  open  flame.  The  conditions  of  self  Ignition  are  asso¬ 
ciated  with  the  liberation  of  heat  in  a  preflame  reaction  (for  the 
left-hand  part  of  the  equation,  see  below)  and  the  removal  of  heat  to 
the  ambient  medium  (for  the  right-hand  part  of  the  equation,  see  page 
372): 

_ £_ 

v-A-cS-e  RT  > a,{Ti—  Tn)F. 

Thus  the  self-ignition  temperature  is  not  a  physical  constant  but 
a  function  of  the  conditions  of  the  experiment:  of  the  volume  and  sur- 
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face  of  the  reaction  vessel,  of  pressure,  the  conditions  of  heat  trans¬ 
fer,  etc. 

We  may  expect  that  the  lower  the  self-ignition  temperature  for 
the  vapor  fuels  mixed  with  air,  the  more  rapid  the  onset  of  the  self¬ 
ignition  process  for  the  mixture. 


Fig.  100.  Effect  of  degree  of 
hydrocarbon  saturation  on  crit¬ 
ical  electric-spark  ignition 
energy  for  combustible  mixture. 
1)  Ethane;  2)  ethylene;  3) 
acetylene.  A)  Critical  ignition 
energy,  milli joules;  B)  ratio 
to  stoichiometric  composition. 


2  Omucwtnut  k cmtiu*Mtmpwnc*tMy  ctcmaty\ 


Fig.  101.  Effect  of  chain  branch¬ 
ing  on  critical  ignition  energy, 
o)  2,2-Dimethylbutane;  □)  hex¬ 
ane;  a)  pressure,  100  mm  Hg; 
b)  pressure,  200  mm  Hg.  l)  Crit¬ 
ical  ignition  energy,  milli- 
joules;  2)  ratio  to  stoichio¬ 
metric  composition. 


Ignition  by  means  of  an  open  flame  is  different  from  self  ignition, 
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Pig.  102.  Device  for  determination  of  self- 
ignition  temperature,  a)  Quartz  flask,  in 
which  the  test  is  carried  out;  b,  c,  d)  ther¬ 
mocouples;  p)  furnace;  f,  g)  electric  heat¬ 
ers;  e,  h,  and  i)  covers;  o  and  n)  supports; 
r  and  s)  heat  insulation;  v)  shell;  q)  fur¬ 
nace  support;  t  and  u)  contacts. 

because  in  the  case  of  contact  with  an  open  flame  there  is  transfer  of 
heat  and  of  the  active  centers  from  the  temperature  zones  between  1500 
and  3000°.  However,  a  common  denominator  for  self  Ignition  and  contact 
ignition  is  the  presence  and  development  of  preflame  reactions,  no  mat¬ 
ter  that  they  last  but  extremely  short  periods  of  time. 

In  connection  with  the  extensive  use  of  hydrocarbon  fuels  In  en¬ 
gines  in  which  Ignition  is  accomplished  by  compression,  a  rather  large 
number  of  investigations  have  been  devoted  to  a  study  of  the  tempera¬ 
ture  of  hydrocarbon  self-ignition  as  a  function  of  structure.  The  self¬ 
ignition  temperature  for  diesel  fuels  determines  their  most  important 
characteristic  -  starting  properties.  For  jet  fuels,  this  characteris¬ 
tic  is  not  completely  clear,  but  it  may  be  taken  into  consideration. 
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TABLE  79 

Minimum  Self- Ignition  Temperatures 
and  Self-Ignition  Lags  for  Hydrocar¬ 
bons  and  Fuels  in  Air,  at  Atmospheric 
Pressure  [4,  5] 


1  B«ne«ne 

1 

^eMiicp.irjrp* 
UMOIOCIM*. 
HCNCIIHK,  *C 

1 

TlcpMox  Mxepw* 
««  MMOROCIWU. 
MMWNI.  CM. 

4st»h . 

515 

10  •' 

5h.  Byraii . 

405 

6 

On.  neiiTiii . 

;  ■  287 

10  . 

7 11.  TeKcaH . 

234 

57 

Oh.  TcnTJii . 

m 

101 

?h.  Oktjh . 

220 

10  h.  Honan . 

200 

Ju* 

130 

27 

llUjooKTaii . 

418 

12  h.  A exalt . 

208 

124 

13  h.  rcKcaaeKaii . 

205 

141 

14LlintuorcKcaH . 

200 

20C 

15  Bciiaoa  ... 

502 

32 

lOToayan . 

530 

72 

17^-KCHflCWI . 

528 

01 

16Ha|iTa/iiiii . 

520 

18 

19a-McTiianaiJ>Taaiiii . 

529 

23 

20aiitpjuch . 

540 

17 

21  Kcpocim . 

229 

210 

22  Aoiiamioiiiiufl  Ociiauii  100/130  .  .  . 

23  Peairriiniiuc  Toruiiiaa: 

440 

JP-I . 

228 

120 

JP-3 . 

238 

187 

JP-4  . . 

242 

185 

1)  Substance;  2)  self-ignition  tem¬ 
perature,  °C;  3)  self-ignttion  lag, 
sec;  4)  ethane;  5)  n.  butane;  6)  n. 
pentane;  7)  n.  hexane;  8)  n.  heptane; 
9)  n.  octane;  10)  n.  nonane;  11)  iso¬ 
octane;  12)  n.  decane;  13)  n.  hexa- 
decane;  14)  cyclohexane;  157  benzene; 
16)  toluene;  17)  m-xylene;  18)  naph¬ 
thalene;  19)  a-methylnaphthalene: 

20)  anthracene;  21)  kerosene;  22) 
aviation  gasoline  100/130;  23)  jet 
fuels. 


the  method  involves  the  introduction  of  1  ml  of  the  substance  being 
investigated  into  a  special  quartz  vessel  heated  to  a  certain  tempera¬ 
ture  by  means  of  a  special  furnace,  and  the  recording  of  the  self- 
ignitlon  lag.  The  relationship  between  the  temperature  and  the  magni¬ 
tude  of  the  self-ignition  lag  corresponding  to  this  temperature  for  n. 
heptane  and  n.  decane  in  air  at  atmospheric  pressure  is  shown  in  Fig. 
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103.  For  heptane  the  minimum  self-ignition  lag  corresponds  to  223° 
with  an  induction  period  of  101  seconds,  and  self  ignition  takes  place 
at  370°  with  a  lag  that  is  faster  than  the  eye  (about  0.1  sec).  This 
temperature  corresponds  to  a  higher  self-ignition  temperature. 

Figure  104  presents  the  lower  self -ignition  temperature  for 
paraffinic  hydrocarbons  as  a  function  of  the  number  of  carbon  atoms 
and  structure. 


Fig.  105.  Effect  of  pressure 
on  minimum  self -ignition  tem¬ 
perature  for  jet  fuel  JP-4.  l) 

Minimum  self-ignition  tempera¬ 
ture,  °C;  2)  absolute  pressure, 
mm  Hg. 

The  lower  self-ignition  temperature  for  paraffinic  hydrocarbons 
In  air  diminishes  as  molecular  weight  increases.  In  this  connection, 
there  is  an  analogy  between  the  change  in  the  critical  electric-spark 
ignition  energy  and  the  concentration  ignition  range  which  expands 
from  methane  to  heptane. 

Isoparaffins  have  higher  self-ignition  temperatures  in  comparison 
with  normal  paraffins  of  the  same  molecular  weight  [5]. 

Table  79  presents  the  self -ignition  temperatures  for  a  number  of 
hydrocarbons. 

Pressure  also  has  a  substantial  effect  on  the  minimum  self- 
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TABLE  80 

Minimum  Self-Ignition  Temperature 
for  Fuels  (0C)  in  Air  as  a  Function 
of  Pressure  [4] 


1  Tonjuao 

2  AaMCMM* 
370  mm 

3  JUimnm1 
742  mm 

AtHauiiomiuc  TOiwit&a. 

JP-4 . 

m 

242 

JP-3 . 

440 

238 

JP-I . 

402 

228 

Abikuhohiiuh  0CH3IIU  100/130  .  .  . 

553 

440 

II.  /ICKHH . 

458 

208 

4(55 

220 

II.  rCKCaH . .  •  •  • 

407 

234 

1)  Fuel;  2)  pressure,  370  mm;  3) 
pressure,  742  mm;  4)  aviation  fuels; 
5)  aviation  gasoline  100/130;  6)  n. 
decane;  7)  n.  octane;  8)  n.  hexane. 


ignition  temperature,  as  was  demonstrated  in  Reference  [4]. 

Figure  105  shows  the  effect  of  air  pressure  on  the  minimum  self¬ 
ignition  temperature  of  the  JP-4  turbojet  fuel.  With  a  drop  in  pres¬ 
sure  by  a  factor  of  approximately  three,  the  self -ignition  tempera¬ 
ture  increased  by  a  factor  of  two. 

Table  80  shows  the  effect  of  pressure  on  the  self-ignition  tem¬ 
perature  of  a  number  of  fuels. 

In  all  fuels,  the  self-ignition  temperature  increases  as  pres¬ 
sure  diminishes.  However,  this  change  depends  on  the  nature  of  the 
fuel  and  is  most  pronounced  in  the  case  of  heavy  fuels. 

Figure  106  shows  the  change  in  the  self- Ignition  temperature  of  a 
number  of  combustibles  at  atmospheric  pressure  as  a  function  of  chem¬ 
ical  composition  for  various  induction  periods.  In  oxygen  the  same 
quantitative  relationships  for  the  self-ignition  temperature  are  ob¬ 
served  as  in  the  case  of  air. 

The  fuel  ignition  process  which  takes  place  under  the  action  of 
high  temperatures  can  be  characterized  by  a  self-ignition  lag  for  a 
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given  temperature  and  pressure  (Fig.  107).  The  self-ignition  lags  for 
various  hydrocarbons  are  determined  in  a  bomb  at  a  temperature  of  582 
and  a  pressure  of  21.4  atm.  The  self-ignition  lags  under  these  condi¬ 
tions  increase  for  a  number  of  n.  paraffins,  olefins,  and  naphthenes 
[3]. 


Fig.  106.  Self-ignition  temperature 
and  lag  for  a  number  of  hydrocarbons 
in  air.  l)  Benzene;  2)  toluene;  3) 
o-xylene;  4)  1,2,3-trimethylbenzene 
Themimellitol);  5)  l-ethyl-2, 4-di¬ 
me  thylbenzene;  6)  l-ethyl-2, 3-di¬ 
me  thylbenzene;  7)  methylcyclohexane; 

8)  1,1,3-trimethylcyclopentane;  9) 
trans-l,3-dimethylcyclohexane;  10) 
ethylcyclohexane ;  11)  n.  propylcyclo- 
pentane;  12)  n.  heptane;  13)  n.  oc¬ 
tane;  l4)  n.  clecane;  15)  n.  dodecane; 
16)  n.  tetradecane.  A)  SeTf-ignitlon 
temperature,  °C;  B)  ignition  lag,  sec. 


The  self-ignition  lags  for  aromatic  and  paraffinic  hydrocarbons, 
as  well  as  for  diesel  fuel  in  a  bomb,  are  presented  in  Fig.  108  for 
various  temperatures.  The  self-ignition  lags  for  diesel  and  jet  fuels 


in  a  temperature  range  from  455  to  570°  lie  between  the  ignition  lags 
for  paraffinic  and  aromatic  hydrocarbons:  the  smallest  self-ignition 
lags  pertain  to  the  paraffinic  hydrocarbons  and  the  greatest  pertain 
to  the  aromatic  hydrocarbons. 

Thus  the  ignition  of  a  mixture  of  fuel  vapors  with  air  is  charac¬ 
terized  by  a  series  of  parameters  such  as:  the  concentration  ignition 
range  at  atmospheric  pressure,  the  concentration  ignition  range  at  re¬ 
duced  pressures,  the  minimum  critical  energy  of  the  spark  discharge 
required  for  the  Ignition  of  the  vapor-air  mixture,  the  self-ignition 
temperature,  the  self-ignition  lag,  etc. 

These  parameters  are  determined  by  the  chemical  properties  which 
are  most  favorable  in  the  case  of  paraffinic  hydrocarbons  with  great 
molecular  weight.  A  wide  ignition  range  is  exhibited  by  the  lower 
highly  unsaturated  hydrocarbons. 

The  investigations  carried  out  on  the  hypergolic  properties  of 
kerosene  drops  in  a  stream  of  air  heated  to  a  high  temperature  are  ex¬ 
tremely  interesting  [6],  With  an  increased  temperature  between  850  to 
950°  the  self-ignition  lag  for  a  55-p  drop  diminishes  by  a  factor  of 
approximately  five.  The  dimensions  of  the  drops  also  affect  the  self- 
ignition  properties.  For  example,  140-p  drops  self -ignite  at  970°  with 
a  lag  that  is  30$  greater  than  for  drops  having  dimensions  of  55  p. 

The  total  burning  time  for  the  fuel  drops  in  the  stream  of  air  is  com¬ 
posed  of  the  Ignition  lag  and  the  burning  time.  Figure  109  shows  the 
change  in  ignition  lag  and  burning  time  for  kerosene  drops  having  di¬ 
mensions  of  70  p  at  various  temperatures.  The  time  of  the  actual  burn¬ 
ing  process  is  greater  by  a  factor  of  approximately  3-4  than  the  self- 
ignition  lag. 

The  pressure  whose  effect  was  investigated  for  a  pressure  range 
from  0.3  to  1.0  atm  (Fig.  110)  has  a  pronounced  effect  on  the  ignition 
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of  kerosene  drops.  With  a  change  in  the  pressure  from  0.3  to  1.0  atm> 
the  self-ignition  lag  at  900-1000°  changes  by  a  factor  of  approximately 
3. 


Pig.  107.  Ignition  lag  for  hy¬ 
drocarbons  in  a  bomb  at  5820 
and  21.1  atm.  l)  Ignition  lag, 
sec;  2)  number  of  carbon  atoms; 
3)  decalln;  4}  cyclohexanes; 

5)  dicyclohexyl;  6)  a-olefins; 
7)  n.  paraffins. 


Under  practical  operating  conditions,  good  fuel  oxidizability  may 
be  extremely  important.  In  the  case  of  metal-organic  fuels  (compounds 
of  aluminum  and  boron)  start  and  combustion  is  possible  to  altitudes 
of  25-30  km,  and  in  the  case  of  hydrocarbon  fuels  —  to  15-22  km  [7]. 

The  light  hydrocarbons  of  aviation  gasoline  exhibit  adequate 
vapor  tension  at  temperatures  of  -40  to  60°.  Therefore,  aviation  gaso¬ 
line  provides  for  good  engine  starts  under  all  temperature  conditions. 
It  is  possible  that  the  vapors  of  the  hydrocarbons  which  have  molecular 
weights  that  place  them  in  the  boiling  range  of  kerosene  (C]_o“ci6) 
must  exhibit  better  Ignition  characteristics  than  those  in  the  boiling 
range  of  gasoline  (C^-C^).  But  the  conversion  of  the  former  into  a 
vapor  phase  at  the  temperature  of  the  ambient  medium  under  high-alti- 


Pig.  108.  Self -Ignition  lag  for  hy¬ 
drocarbons  and  fuels  as  a  function 
of  temperature,  a)  Pressure,  21.1 

kgf/cm2;  l)  isooctane ;  2)  n.  octane; 

3)  octadecene-lj  4)  n.  octadecane; 

b)  pressure,  36.9  kgf/cm2;  1)  aro¬ 
matic  fraction  of  fuel;  2)  diesel 
fraction;  3)  paraffinic -naphthenic 
fraction.  A)  Ignition  lag,  sec;  B) 
temperature,  °C. 

tude  conditions,  with  the  required  concentration,  is  difficult  without 
heating  of  the  combustible  mixture. 

There  is  no  doubt  that  the  chemical  nature  of  the  fuel  is  ex¬ 
tremely  Important  in  the  burning  process,  since  this  determines  the 
ignition  characteristics  of  the  fuel  vapors  as  they  encounter  the 
flame  front.  However,  the  following  physical  parameters  are  also  im¬ 
portant  here:  fuel  volatility,  fuel  vaporization  and  mixing;  under  cer¬ 
tain  conditions  these  can  be  of  greater  significance  than  the  chemical 
parameters.  On  the  whole,  the  entire  process  is  limited  by  the  stage 
which  takes  place  at  the  least  relative  rate. 

In  the  case  of  turbojet  engines  of  conventional  type,  the  start 
of  an  engine  operating  on  petroleum  fuels  under  ground  and  flight  con¬ 
ditions  to  altitudes  of  10  km  is  determined  primarily  by  the  following 
physicomechanical  factors:  fuel  volatility  and  the  degree  of  fuel 
vaporization.  The  latter  is  a  function  of  viscosity  and  the  surface 

-  296  - 


tension  of  the  fuel,  as  well  as  of  the  vaporization  system  employed 
(the  type  of  spray  nozzles)  and  feed  pressure. 

There  are  indications  in  the  literature  that  at  a  viscosity  above 
15  centistokes  good  fuel  vaporization  into  the  engine  is  no  longer  as¬ 
sured.  However,  at  low  temperatures,  a  viscosity  of  up  to  25  centi- 
stokes  is  technically  permitted  for  a  turbojet  fuel.  It  has  been  es¬ 
tablished  experimentally  that  gas  oil  having  a  viscosity  of  15  centi- 
stokes  (at  20°)  fails  completely  to  provide  the  required  vaporization 
for  starting  at  temperatures  below  -7°.  However,  kerosene  with  a  vis¬ 
cosity  of  3-4  centistokes  (at  20°)  continues  to  provide  satisfactory 
vaporizations  at  temperatures  of  — 40  and  — 60°.  Gasolines  provide  good 
vaporization  at  all  temperatures. 


Fig.  109.  Effect  of  tempera¬ 
ture  on  self-ignition  lag  and 
burning  time  for  drops  of  kero¬ 
sene  having  dimensions  of  70  \l 
in  a  stream  of  heated  air.  l) 
Self-ignition  lag;  2)  burning 
time;  3)  total  burning  time. 

A)  Time,  milliseconds;  B)  air 
temperature,  °C. 


The  ease  of  engine  start  is  a  function  of  fuel  volatility.  Vola¬ 
tility  and,  consequently,  ease  of  VRD  start  is  characterized  by  the 
temperature  at  which  10$  of  the  fuel  boils  off.  The  10$-distillation 
temperature  for  the  majority  of  air-reaction-engine  fuels  such  as  kero- 
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Fig.  110.  Effect  of  pressure  on  self¬ 
ignition  lag  for  kerosene  drops  in  a 
stream  of  heated  air.  a)  Air  temperature, 
1000°;  b)  air  temperature,  900°.  1)  Time, 
milliseconds j  2)  pressure,  atm. 


sene  has  a  value  of  the  order  of  175-210°.  The  lower  the  10^-distilla- 
tion  temperature,  the  easier  the  start  and  the  lower  the  feed  pressure 
can  be. 

For  example,  engine  start  was  impossible  with  a  gas  oil  having  a 
boiling  range  between  240-365°,  although  the  engine  could  operate  on 
this  fuel  if  it  had  been  started  in  advance  with  kerosene.  With  heavier 
gas  oil  (boiling  range  256-396°)  the  engine  was  completely  incapable 
of  operation.  Gasoline-free  petroleum  with  a  boiling  range  of  207-400° 
could  be  used  in  an  engine  if  it  were  first  started  with  kerosene. 
However,  in  this  case  unstable  engine  operation  was  observed  through¬ 
out  the  entire  velocity  range  [8]. 

Aviation  gasoline  with  a  10^-distillation  temperature  of  71°  pro¬ 
vides  for  ease  of  engine  start  at  temperatures  to  -55-60°.  When  using 
fuels  having  a  10^-distillation  temperature  of  190°,  engine  starts  at 
-40°  are  difficult. 

During  starting,  a  low-volatility  fuel  may  partially  be  deposited 
in  a  drop-liquid  state  on  the  walls  of  the  engine,  causing  a  lag  in 
ignition.  As  a  result,  there  will  be  an  accumulation  of  fuel  which  will 
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Fig.  111.  Effect  of  the  100- 
distillation  temperature  on  the 
minimum  vaporization  pressure 
at  which  starts  are  possible. 

The  mass  flow  rate  of  air  is 
0.227  kg/sec,  and  the  air  tem¬ 
perature  is  30°.  1)  100-dlstil- 
lation  temperature,  °C;  2)  fuel- 

p 

feed  pressure,  kg/cm  . 

subsequently  ignite  suddenly  during  the  starting  period,  resulting  in 
the  overheating  of  the  engine. 

Figures  111  and  112  show  the  effect  of  the  100-distillation  tem¬ 
perature  of  a  fuel  on  the  minimum  pressure  required  for  the  vaporiza¬ 
tion  of  the  fuel,  with  the  ignition  of  the  fuel  (from  a  standard  source 
such  as  an  electric  spark  plug)  still  possible  at  this  temperature.  To 
ignite  a  fuel  having  a  100-distillation  temperature  of  80°,  a  pressure 
of  0.7  kgf/cm2  is  adequate;  at  200°,  a  pressure  of  4.2  kgf/cm2  is 
needed.  It  is  well  known  that  the  average  dimension  of  a  vaporized 
fuel  drop  is  approximately  inversely  proportional  to  the  square  of  the 
pressure  at  which  vaporization  takes  place: 


% 
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Fig.  112.  Effect  of  100-diatil- 
lation  temperature  on  minimum 
vaporization  pressure  at  which 
starts  are  possible.  1)  High- 
power  and  low-pressure  ignition 
system;  2)  high-stress  stand¬ 
ard  ignition  system;  3)  10$- 
distillation  temperature,  °C; 

4)  minimum  fuel  pressure  for 

p 

ignition,  kg/cm  . 

The  higher  the  vaporization  ratio,  the  easier  the  ignition  of  the 
fuel,  since  the  vaporization  surface  increases,  and  the  expenditures 
of  energy  and  time  on  heating  and  vaporizing  Individual  drops  are  re¬ 
duced.  Heavy  fuels  with  low  vapor  tension  require  a  greater  vaporiza¬ 
tion  ratio  for  ignition  than  do  light  fuels. 

The  effect  of  the  10^-distillation  temperature  on  the  starting 
characteristics  of  Soviet  aviation  fuel  is  presented  in  Fig.  113. 

The  best  starting  properties  are  exhibited  by  the  B-70  gasoline, 
and  the  addition  of  this  gasoline  to  the  T-l  fuel  will  improve  the 
starting  properties. 

In  the  case  of  heavy  fuels,  inadequate  volatility  may  in  part  be 
compensated  by  a  greater  vaporization  ratio.  It  is  therefore  not  com¬ 
pletely  out  of  the  question  to  use  combustibles  heavier  than  gasoline 
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for  engine  starting  If  structural  changes  can  be  Introduced  Into  the 
starter  Injectors  and  the  Ignition  source,  as  well  as  by  preliminary 
heating. 


Pig.  113.  Effect  of  10$-distil- 
latlon  temperature  on  starting 
characteristics  of  fuels.  1) 
10^-distillatlon  temperature 
of  fuel,  °C;  2)  fuel  pressure 
in  front  of  injector  {spray 
nozzle),  kg/cm. 


TABLE  81 


Flash  Point  and  Vapor  Tension  of  Several  Fuels 
19,  18] 


T-l 


TC-I . 

T-2 . 

hll.U'/IMIOC  TO  nail  DO  .  . 

. . 

nciumi  Ii-70  ..... 

11.  ricnr.111 . 

11.  fcKcan  .... 

• 

11.  Ok  ran . 

11.  /IcKaii . 

Tcrpaami . 

30 

30 

35 

/,o 

•1-  28 

•— 

— 

-  12 

00 

100 

150 

11  -!■  00 

— 

10 

30 

OT  50  AO  +  12,") 

— 

_ 

_ 

12  11,1*0  -28 

— 

200 

— 

lllliKC  —V) 

— 

— 

-22 

— 

— 

— 

+  17 

— 

— 

— 

--  /.fi 

— 

— 

— 

H-75 

— 

— 

— 

1)  Fuel;  2)  flash  point,  °C;  3)  vapor  tension  (mm 
Hg)  at  a  temperature  of;  4)  diesel  fuel;  5)  B-70 
gasoline;  6)  n.  pentane;  7)  n.  hexane;  8)  n.  octane; 
9)  n.  decane;  10)  tetralin;  'll)  from  +50  to  +125; 

12)  below  -28. 
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The  flash  point  serves  as  the  characteristic  of  ease  of  ignition 
or  fuel  flammability  in  case  of  contact  with  an  open  flame,  i.e.,  the 
temperature  of  a  combustible  liquid  at  which  the  vapors  of  the  com¬ 
bustible  liquid  above  the  liquid's  surface  ignite  on  contact  with  an 
open  flame  (Table  8l). 

Gasolines  are  characterized  by  a  low  flash  point  and  high  vapor 
tension;  kerosenes  are  characterized  by  a  higher  flash  point.  However, 
it  does  not  follow  that  the  kerosenes  do  not  ignite  below  the  flash 
point  under  appropriate  conditions. 

Figure  114  shows  the  effect  of  fuel  volatility  on  the  ignition 
range  (ignition  accomplished  by  means  of  an  electric  spark  plug)  in 
the  chamber  of  a  turbojet  engine  at  low  pressures.  A  fuel  of  the  JP-1 
type  (standard  aviation  kerosene  which  begins  to  boll  at  160°,  of 
which  50$  boils  off  below  213°,  and  which  ceases  boiling  at  280°)  has 
a  narrower  ignition  range  than  a  fuel  of  the  JP-4  type  of  greater  frac 
tional  composition  (start  of  boiling,  53°;  50$  boils  off  below  185°; 
end  of  boiling,  245°). 

For  the  Ignition  of  air-reaction-engine  fuels  (TRD  and  PVRD  [tur¬ 
bojet  and  ramjet  engines]),  the  recommendations  call  for  the  injection 
of  hypergolic  substances  into  the  combustion  chamber,  said  substances 

v 

to  act  as  starter  fuels.  Triethylaluminum  AlfCgH^  and  trimethylalu- 
minum  A^CH^Jg  are  used  for  this  purpose,  and  these  substances  are  now 
made  on  an  industrial  scale  [10].  It  is  also  contended  that  borane 
fuels  (such  as  B^)  ignite  and  burn  more  easily  than  petroleum  prod¬ 
ucts;  therefore,  these  can  be  used  in  jet  aircraft  at  greater  alti¬ 
tudes,  where  conventional  fuels  are  incapable  of  combustion  [ 11 J . 

Trimethyl-  and  triethyl -aluminum  have  been  tested  by  "Wright- 
Aeronautical"  and  "Curtis-Wright"  for  fuel  ignition  in  a  ramjet  engine 
[12,  13].  Trimethylaluminum  is  used  in  a  mixture  with  triethylaluminum 


the  latter  having  been  added  in  order  to  reduce  the  freezing  point  of 
the  trimethylaluminum.  Trimethyl-  and  triethyl -aluminum  are  used  also 
in  combination  with  various  jet  fuels  (in  quantities  of  15-200)  in  or¬ 
der  to  provide  for  the  rapid  ignition  of  the  jet  fuels  at  great  alti¬ 
tudes.  Much  work  along  these  lines  is  being  done  in  connection  with 
ramjet,  turbojet,  and  similar  engines. 


Fig.  114.  Effect  of  fuel  volatility  on  self¬ 
ignition  range  in  the  chamber  of  a  turbojet 
engine  at  various  pressures.  1  and  4)  Lower 
and  upper  ignition  limits  for  a  fuel  of  the 
JP-1  kerosene  type;  2  and  3)  lower  and  upper 
limits  of  ignition  for  a  fuel  of  wide  frac¬ 
tional  composition,  such  as  a  fuel  of  the 
JP-4  type.  A)  Air-to-fuel  ratio;  B)  air  pres 
sure,  mm  Hg. 


All  of  the  above -enumerated  compounds  exhibit  a  small  self- 
ignition  lag  in  air,  both  in  the  case  of  atmospheric  pressure,  or  in 
the  case  of  reduced  pressure. 

The  ignition  lag  for  a  number  of  elementary  organic  compounds  un¬ 
der  static  conditions  in  air  at  232°,  and  127  mm  Hg,  is  presented  below: 

Fuel 

Trimethylaluminum  Al( CH^ )^ •  •  • 

Triethylaluminum  AlfCgH^)^... 

Aluminum  borohydride  Al^BH^)^ 

Triethylboron  B(C2H^L . 

Tripropylboron  B^H^ . 

Triisopropylboron  B^H^y.. 
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Self-ignition 
lag,  sec 

0.012 

0.040 

0.010 

0.020 

0.210 

0.380 


Trie  thy  lphosphene  .  0.310 

Kerosene .  210 


The  effect  of  pressure  on  the  ignition  lag  in  air  at  232°  is  pre¬ 
sented  below: 


Fuel 


Tr ime thy laluminum 


Trie thylaluminum 


.  Triethylboron 


Pressure,  Self-ignition 
mm  Hg  lag,  sec 


30  0.003 

5  0.012 

2  0.020 

0.5  0.020 


5  0.040 

2  0. 080 


5  0.020 

2  0.050 

0.5  0.040 


With  the  addition  of  aviation  kerosenes  to  the  altyl  compounds  of 
aluminum  and  boron,  the  self -ignition  lag  increases,  and  this  can  be 
seen  from  the  following: 


Tr ime thy laluminum 


Triethylboron 


Aluminum  borohydride 


Quantity  of  JP-5 
in  mixture,  % 

48 

61 

64.3 

48 

60 

61.5 

83.6 

91.2 


Ignition 
lag,  sec 

0.050 

0.450 

No  ignition 

0.170 

0.200 

No  ignition 

0.010 

No  ignition 


The  moisture  of  the  air  has  a  positive  effect  on  ignition. 

We  can  see  from  a  brief  review  of  the  ignition  properties  of  the 
metal  alkyls  that  with  a  reduction  in  activity  the  latter  can  be  placed 
Into  a  series  [14,  15 ]: 

Al  (BH4),  >  Al  (CHn)j  >  B  (C,H*)j  >  Al  (QHS)3. 

Ya.M.  Paushkin  and  R.V.  Sychev  [16]  in  1955  investigated  the  ef¬ 
fect  of  trie thylaluminum  on  the  burning  rate  of  a  fuel  in  a  jet  engine. 
The  addition  of  1%  trie thylaluminum  to  a  fuel  consisting  of  aromatic 


hydrocarbons,  increased  the  burning  rate  by  a  factor  of  two. 

In  i960,  Fletcher  [173  and  his  coworkers  published  the  results  of 
an  investigation  into  the  burning  of  aluminum  borohydride,  trimethyl- 
and  triethyl-aluminum,  triethylboron,  and  pentaborane  in  the  supersonic 
air  stream  produced  by  a  ramjet  engine.  These  investigations  demon¬ 
strated  that  AlfBH^J^,  their  mixtures,  containing  up  to  4o# 

JP-4  aviation  fuel,  can  burn  stably  at  a  supersonic  airstream  velocity 
of  M  =  2  (660  m/sec).  The  JP-4  fuel  under  these  conditions  can  burn 
only  if  aluminum  borohydride  is  injected.  Trimethyl-  and  triethyl -boron 
does  not  ignite  under  the  above-mentioned  conditions  in  an  operating 

chamber,  but  these  can  ignite  on  being  exhausted  from  the  nozzle  of  the 
engine  [18]. 
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Chapter  8 

RATE  AND  STABILITY  OF  JET-FUEL  COMBUSTION 
1.  Rate  of  Combustion  of  Fuels 

The  process  of  fuel  combustion  in  air-breathing  jet  engines  takes 
place  in  a  high-speed  stream  of  air  under  the  following  conditions: 

a)  with  the  air  passing  through  the  engine  at  a  considerably 
higher  velocity  than  the  normal  velocity  of  flame  propagation; 

b)  at  air-to-fuel  ratios  outside  the  concentration  range  of  ig¬ 
nition  (in  the  secondary  zone); 

c)  in  variable  operating  modes  of  the  engine  in  which  the  excess- 
air  ratio  reaches  very  high  values. 

Flame  breakaway  may  take  place  at  high  air  velocities  when  the 
engine's  operating  mode  undergoes  sharp  variations.  Combustion  in 
which  frequent  flame  breakaway  may  occur  may  be  called  unstable  com¬ 
bustion. 

The  combustion  process  may  be  characterized  by  a  normal  propaga¬ 
tion  rate  of  the  flame  through  the  burning  air-and-vapor  mixture. 

In  normal  burning  of  a  mixture  of  vapors  of  a  combustible  sub¬ 
stance  with  air,  the  flame  front  moves  from  layer  to  layer  through  the 
combustible  mixture.’  A  smooth  and  distinct  flame  front  the  velocity  of 
which  in  the  direction  perpendicular  to  its  surface  is  known  as  the 
normal  combustion  rate  is  formed  in  a  laminar  flow. 

One  method  of  determining  the  normal  propagation  rate  of  the 
flame  consists  in  measuring  the  area  S  of  the  inner  cone  of  a  laminar 
Bunsen  flame  and  the  volume  flow  rate  v  of  the  combustible  mixture. 


-  307  - 


The  normal  propagation  rate  of  the  flame  Is  uR  =  v/S.  However,  when 
fuel  burns  in  air-breathing  Jet  engines,  we  have  the  so-called  turbu¬ 
lent  combustion  and  agitation  of  the  combustible  mixture.  The  flame 
front  is  distorted,  with  the  result  that  its  surface  area  is  increased, 
and  the  high-temperature  combustion  products  are  mixed  with  the  air- 

and- vapor  mixture,  igniting  it  at  various  points. 

In  this  case,  the  mass  of  burning  substance  per  unit  volume  per 
unit  time  is  much  larger  than  in  the  case  of  normal  laminar  combustion. 
The  flame -front  turbulence  and  mixing  of  the  unburned  part  of  the  fuel 
with  the  hot  combustion  products  makes  it  possible  to  burn  larger  quan¬ 
tities  of  fuel  in  a  short  time. 

The  normal  combustion  rate  cannot  be  used  directly  as,  for  exam¬ 
ple,  for  the  design  of  an  engine.  But  it  does  characterize  the  combus¬ 
tion  processes  of  various  combustible  mixtures  to  a  certain  degree. 

The  normal  combustion  rates  of  individual  hydrocarbons  in  mixture 
with  air  are  listed  in  Table  82  as  functions  of  their  structure. 

In  saturated  paraffinic  hydrocarbons,  the  flame -propagation  veloc¬ 
ity  increases  slightly  as  the  molecular  weight  increases  (it  is  33-8 
cm/sec  in  methane  and  40.2  cm/sec  in  decane). 

The  flame -propagation  velocity  in  unsaturated  hydrocarbons  is 
higher  than  that  in  saturated  hydrocarbons  with  the  same  number  of  car¬ 
bon  atoms  (40.1  for  ethane,  68.3  for  ethylene,  and  141  cm/sec  for 
acetylene).  In  unsaturated  hydrocarbons  with  a  single  double  bond,  the 
"degree  of  unsaturation"  diminishes  with  increasing  molecular  weight, 
with  the  result  that  the  combustion  rate  diminishes  (68.3  for  ethylene, 
43.8  for  butene-1,  and  4l.2cm/sec  for  decene-l). 

Naphthenes  and  aromatic  hydrocarbons  have  virtually  the  same  com¬ 
bustion  rate  as  the  paraffinic  hydrocarbons,  although  the  combustion 

rate  of  benzene  is  somewhat  higher. 
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TABLE  82 

Normal  Flame-Propagation  Rates  in 
Combustion  of  Hydrocarbons  in  Air  [1-6] 


1  yrMMJtopex 

2 

Oopxyaa 

MAKniM.1ilbll.nl 
CKOpnCTI*  |WC* 

KpCKTJVIHrilHM 
nflIMCHH.  CMlftK 

4  [lapatpUHU 

5  MfT.HI  .  . . . 

Cl!, 

33,8 

6  Sian . 

C;l  1, 

40,1 

7  ii.nponaii . 

CjU, 

30,0 

C,H„ 

37,!l 

Cillu 

38|5 

C.11,4 

.3.8,5 

C,H„ 

38,  (i 

12  h.  flexan . 

Ci»H,j 

40,2 

13  «.  rcKCMCKaii . 

41,11.1, 

40,7 

14  2-McTiwnponan . 

4,1 1 1« 

34,0 

152,2-AMMCTnanponan . 

Csll|* 

33,3 

16  2-McTiiaCyTaii . 

CsHu 

30,  B 

17  2.2-HiiMCTii.TCyTan . 

C.H., 

30,7 

18  2,3-JlMMCTH.ifiyTaH  .  , . 

C.11,4 

35,9 

19  2-McTiunciiTan . 

C.H.4  , 

30,8 

20  3-McmanciiTan . 

C.II,, 

30,7 

21 2 ,2-/I»iMCTtiJt  ncsna  u  . . 

CjH„ 

34,8. 

22  2,3-iIitMCTiiancMTaii . 

CjII,4 

232.4-HiiMCTiwnciiTaii . 

C;H„ 

35,7 

243,3-ZluMCTiianciiTaii . 

CjM,4 

35,3 

252,2, 4-TpiineTHaneiiraH . 

C.H„ 

34,0 

26  OmpuHhi 

27s>tch . 1 

!  QH, 

08,3 

c,n« 

43,8 

29ByTcn-i . 

C,!Ih 

43,2 

30nciiTo«-i . '•  • 

CJi.o 

42,0 

31rcKCCH-I . 

C»H„ 

42,1 

32iICitCH-l . 

CjoIIjo 

41,2 

332-McTHanponcn*t . 

c,ii. 

37,5 

342-McTiiaOyTCii-l . 

Cill,o 

30,0 

353-McniaOyTcii-l . 

C;,i  l|0 

41,5 

302-3Tiui6yTcii-l . 

Cr.ll,, 

30,3 

372-McTHailCIITCll-l . 

C.II,, 

30,0 

384-McTHancuTcn-l . . 

C.H,, 

40,5 

39  UuthWtpUHU 

C4I  Ic 

58,0 

4l  ljyT.iAiicn-1,3 . 

C.H, 

54,5 

42i|UC-nciiTaAncii-l,3 . 

C|H„ 

40,5 

43mpn«c-ncuTaA»eii-l  ,3 . 

C.II. 

45,0 

C.II. 

51,8 

45rioMTaaitcii-2,3 . 

C,H, 

50,7 

4bnciiT3AHCH-l,4 . 

C.H. 

40,0 

It-YrcKcaaitcji- 1 ,5 . 

C.H* 

44,2 

482-McTtia6yTaAiicii-I13 . 

CjH,o 

45,0 

492,3-AiiMCTH^OyTaAiicii-l  ,3  .  .  .  .  . 

C.H. 

41,6 
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TABLE  82  (Conclusion) 


1  yrjcMAopoji 

2 

<i>opHyaa 

CKOpOCTk  p4C« 
npOCTptlllCMHR 
njiAMCHH.  CMfte* 

50  Anemumotue  i/iAtaodcpoikt 

51  3rwu . 

CjH* 

141,0 

52  nponmi . 

c,u4 

69,0 

53  Cyniii-I . • . 

GH, 

58,1 

54  neiiTiui-l . 

GH. 

.52,0 

55  Pcwim-l . 

GH„ 

48,5 

38  DyTiiii*2 . 

Cilia 

51,5 

57  rcKcmi-3 . 

GH* 

45,4 

58  3,3-/liiMCTiMCyTiiii-l . 

C*Hii 

47,7 

59  4*McTiuincimm-l . 

C#HW 

45,0 

DO  4-MeTiLnnniTiin«2  ... 

C.I  lj« 

«w 

45,8. 

6l  UuKAonapat/mi 

62  UiiK.ionponaii. . 

GH, 

49,5 

63  UinoionciiTaii . 

GH„ 

37,7 

64  UiiK/iorcKcau . 

GH11 

38,7 

65  Mcm/im'iuioiiciiTaii . 

GHtj 

36,0 

66  McriwuiiiuiorcKcaii . 

Gllu 

37,5 

67  //1/MMC-AcKaJIHII . 

C|al  i||  * 

36,2 

68  ApoMamtvucKue  yiAcaodoi'cAu 

69  Bciijoji . 

Gill 

44,6 

70  Twiywi . 

GH. 

38,8 

71  o-Kciijioji . 

GH.. 

34,4 

72  11.  EyTiiaGeiiicM . 

G.H.I 

35,9 

73  TPCT-  Bynwficiiaovi . 

G»ll.i 

36,6 

74  TcTpajimi . 

G.H„ 

36,5 

l)  Hydrocarbon;  2)  formula;  3)  maximum  propagation  velocity  of  flame, 
cm/sec;  4)  paraffins;  5)  methane;  6)  ethane;  7)  n-propane;  8)  n-butane; 
9)  n-pentane;  10)  n-hexane;  11)  n-heptane;  12)  n-decane;  13)  n-hexa- 
decane;  14)  2-methylpropane;  15)  2, 2-dime thy lpropane;  16)  2-methylbu- 
tsne;  17)  2, 2-dime thylbutane;  18)  2,3-dimethylbutane;  19)  2-methylpen- 
tane;  20 )  3 -me thy lpentane ;  21)  2, 2-dime thy lpentane;  22)  2,3-dimethyl- 
pentane;  23)  2, 4-dime thy lpentane;  24)  3, 3 -dime thy lpentane;  25)  2,2,4- 
trlmethy lpentane;  26)  olefins;  27)  ethene;  28)  propene;  29)  butene-1; 

30)  pentene-1;  31)  hexene-1;  32)  decene-1;  33)  2-methylpropene-l;  34) 
2-methylbutene-l;  35)  3-methylbutene-l;  36)  2-ethylbutene-l;  37)  2- 
methylpentene-1;  38)  4-methylpentene-l;  39)  diolefins;  40)  butadiene-1,2 
4l)  butadiene-1,3;  42)  cjLs-pentadiene-1,3;  43)  trans-pentadiene-1,3; 

44)  pentadiene-1,2;  45)  pentadiene-2,3;  46)  pentadiene-1,4;  47)  hexa- 
dlene-1,5;  48)  2-methylbutadiene-l,3;  49)  2.3-dimethylbutadiene-l,3; 

50)  acetylenic  hydrocarbons;  51)  ethyne;  52)  propyne;  53)  butyne-1; 

54}  pentyne-1;  55)  hexvne-1;  56)  butyne-2;  57/  hexyne-3;  58)  3,3- 
dime  thy  lbutyne-1:  59)  4-methylpentvne-l;  60)  4-methvlpentyne-2;  6l)  cv- 
cloparaffins;  62)  cyclopropane;  63)  cyclopentane;  64)  cyclohexane;  65) 
methylcyclopentane;  66)  methylcyclohexane;  67)  trans-decalin;  68)  aro¬ 
matic  hydrocarbons;  69)  benzene;  70)  toluene;  7!)  o-xylene;  72)  n-butyl- 
benzene;  73)  tert-butylbenzene ;  74)  tetralin. 
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The  maximum  flame -propagation  velocities  in  hydrocarbons  of  vari¬ 
ous  structures  are  shown  In  Pigs.  115-118. 

The  flame -propagation  velocity  is  a  function  of  the  fuel-to-air 
ratio.  The  highest  flame  velocity  is  reached  in  the  majority  of  fuels 
in  rich  mixtures  10  to  30#  above  the  stoichiometric  ratio.  Benzene, 
for  which  the  maximum  flame -propagation  rate  is  reached  at  60#  excess 
fuel,  constitutes  an  exception. 

The  propagation  velocity  of  the  flame  depends  on  the  pressure  at 
which  the  combustion  process  takes  place  (Pig.  114).  When  the  pressure 
is  reduced  below  atmospheric,  the  combustion  rate  first  increases  and 
then  diminishes  [7]. 


Fig.  115.  Influence  of  hydro¬ 
carbon  structure  and  molecular 
weight  on  maximum  velocity  of 
flame  propagation  in  hydrocar¬ 
bons  mixed  with  air.  1)  Maximum 
flame -propagation  velocity, 
cm/sec;  2)  number  of  carbon 
atoms  in  chain. 


The  normal  velocity  of  flame  propagation  also  depends  on  the  tem¬ 
perature  of  the  vapor-air  mixture  through  which  the  flame  is  propagat¬ 
ing  (Fig.  119).  It  increases  approximately  linearly  with  increasing 
temperature.  Thus,  the  normal  rate  of  flame  propagation  in  heptane 


* 
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Pig.  116.  Influence  of  hydro¬ 
carbon  structure  and  molecular 
weight  on  maximum  propagation 
velocity  of  flame  in  hydrocar¬ 
bons  mixed  with  air.  1;  Maximum 
flame-propagation  velocity, 
cin/sec;  2)  number  of  carbon 
atoms  in  chain;  3)  normal  al- 
kynes;  4)  1,3-dienes;  5)  normal 
alkenes;  6)  normal  alkanes. 


Fig.  117.  Influence  of  hydro¬ 
carbon  structure  and  molecular 
weight  on  maximum  rate  of 
flame  propagation  in  hydrocar¬ 
bons  mixed  with  air.  1)  Maximum 
flame -propagation  velocity, 
cm/sec;  2)  number  of  carbon 
atoms  in  ring. 
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Fig.  118.  Influence  of  hydro¬ 
carbon  structure  and  molecular 
weight  on  maximum  velocity  of 
flame  propagation  in  hydrocar¬ 
bons  mixed  with  air.  1)  Maximum 
flame -propagation  rate,  cm/sec; 
2)  number  of  carbon  atoms  in 
chain;  3)  alkenes;  4)  alkvnes; 
5)  alkenes;  6)  alkanes;  7)  cy¬ 
cloalkanes. 


Fig.  119.  Influence  of  tempera¬ 
ture  of  vapor-air  mixture  on 
normal  flame-propagation  veloc¬ 
ity.  v)  n-CgH^;  0)  ^7^16'  ^ 

CgHjCHj ;  •)  n-C8Hl8;  D)  n-C8Hl6; 

l)  normal  flame -propagation 
velocity,  m/sec;  2)  tempera¬ 
ture,  °C. 

mixed  with  air  depends  on  temperature  in  the  following  manner  [6] 
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Temperature,  °C 


Rate  of  flame 
propagation,  cm/sec 


20 

100 

150 

200 


38.6 

56 


64 

72 


It  Is  Interesting  to  examine  the  rates  of  combustion  of  hydrocar¬ 
bon  derivatives  (Table  83). 


As  will  be  seen  from  the  data  presented  here,  hydrocarbon  deriva¬ 
tives  have  higher  combustion  rates  in  many  cases  than  do  the  hydrocar¬ 
bons  themselves. 


Table  84  lists  the  combustion  rates  of  gasoline  with  tetranitro- 
me thane  additives. 

Tetranitrome thane  has  little  effect  on  the  combustion  rate.  How¬ 
ever,  the  influence  of  additives  on  combustion  rate  is  not  in  general 
adequately  understood  as  yet,  although  they  are  known  to  be  helpful  in 
self-ignition  processes. 

Hydrocarbons  burning  at  high  rates  have  higher  combustion  tem¬ 
peratures.  Below  we  list  combustion  rates  of  hydrocarbons  in  air  and 
the  theoretical  equilibrium  temperatures  of  combustion  (Table  85). 

In  the  majority  of  cases,  the  rate  and  temperature  of  combustion 
vaiy  in  the  same  direction. 

The  temperature  to  which  the  matter  is  heated  on  combustion  of  a 
mixture  varies  from  layer  to  layer  [8-10]. 

This  problem  has  been  illuminated  by  Ya.B.  Zel'dovlch  and  K.S. 
Zarembo  [8]  for  the  Bunsen  flame;  these  investigators  showed  that  heat¬ 
ing  of  the  unburned  mixture  occupies  a  region  of  about  1.5  mm.  The  pos¬ 
sibility  is  not  excluded  that  it  is  precisely  in  this  region  that  pre¬ 
ignition  reactions  ^ake  place,  particularly  for  fuels  with  large  com¬ 
plex-structured  molecules,  which  are  particularly  sensitive  to  thermal 
and  oxidative  disturbances.  At  the  same  time,  such  transformations  may 


TABLE  83 

Rate  of  Flame  Propagation  in 
Hydrocarbon  Derivatives  Mixed 
with  Air  [1,  2] 


1  Dcuicctio 

2m.ikcmh.i.ii.ii*ih  CKO* 
pocrK  pornpocTpanc* 
MHK  IM.lUrilH,  CM/ttK 

3  OkIICU  JTHJIClia  ...  . 

Hfl.:. 

4  Oxiicb  npomi.icHJ . 

c.7,2 

5  McTiniai . 

57,2 

0  3tjiioji . 

55,  C 

7  Maonponaiian . 

41,5 

0  fliijTiuonuii  *|inp . 

49,8 

9  HaonponiuionMii  y|mp  .... 

49.7 

0  HllTpO>T3ll . 

47,1!* 

1  Hinponpowii . 

48.3 

1)  Substance;  2)  maximum  flame- 
propagation  rate,  cm/sec;  3) 
ethylene  oxide;  4)  propylene 
oxide;  5)  methanol;  6)  ethanol; 
7)  Isopropanol;  8)  diethyl 
ether;  9)  isopropyl  ether;  10) 
nitroe thane;  11)  nitropropane. 


TABLE  84 

Combustion  Rates  of  Gasoline 
Vapor  with  Air  and  Tetranitro- 
me thane  Additive  [1,  2] 


1  Ton/iimo 

— Ao&iOKa 

C  (NO,)..  •/. 

Ckopocti.  rope* 
^  111m,  eti/ctK 

4 Jlcrwiu  6cM3im  .  .  . 

5  Her 

48,5 

»  »  .... 

5 

49,0 

*  »  .... 

10 

53,4 

»  »  .... 

15 

54,0 

l)  Fuel;  2)  CfNOg)^  additive, 

$;  3)  combustion  rate,  cm/sec; 
4)  light-fraction  gasoline;  5) 
none . 


not  even  occur  in  the  low-temperature  zone  for  fuels  with  simple  mole¬ 
cules  (hydrogen,  carbon  monoxide,  methane). 

The  rate  of  flame  propagation  apparently  depends  on  the  induction 
period,  during  which  the  combustible  mixture  is  heated  to  the  ignition 
point  by  the  hot  products  of  combustion.  Thus,  it  has  been  shown  ex- 
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TABLE  85 

Rate  of  Flame  Propagation  In  Hydro- 
carbon-and-Air  Mixtures  and  Their 
Combustion  Temperatures  [5] 


lyr«><wopo* 

1 

TcMncparyp* 
jrepcMu*,  *C 

CMpocrk  pac- 
ftpocrpaitciua 

lUMMCMii,  tm/n 

4  AucmneH . 

2322 

157. 

53thjioh . 

2112 

74 

OBciboi . 

2102 

47.8 

7UmuioreKC»H  ...  ....... 

2027 

43,6 

8  TenTiH . 

2007 

42,4 

9nponiH . 

1067 

45,5 

lOSciUHK . 

2102 

47,8 

l)  Hydrocarbon;  2)  combustion  tem¬ 
perature,  °C;  3)  velocity  of  flame 
propagation,  cm/sec;  4)  acetylene; 

5)  ethylene;  6)  benzene;  7)  cyclohex¬ 
ane;  8;  heptane;  9)  propane;  10)  gas¬ 
oline,. 


Fig.  120.  Flame-propagation 
rate  as  a  function  of  minimum 
ignition  energy,  l)  Maximum 
combustion  rate,  cm/sec;  2) 
minimal  sparking  energy,  milli- 
joules. 


perlmentally  that  the  rate  of  flame  propagation  is  inversely  propor¬ 
tional  to  the  minimum  energy  of  the  electric  spark  required  to  ignite 
the  combustible  mixture  (Fig.  120). 

The  normal  velocity  of  flame  propagation  can  be  computed  theoreti¬ 
cally.  According  to  the  combustion  theory  of  N.N.  Semenov  and  Ya.B. 


-  316  - 


Zel'dovich  [11-13],  the  normal  combustion  rate  is  determined  by  the 
equation 

/2i.-A-e~lir  ■  RT* 

C'-pra^-m  ’ 

where  un  Is  the  linear  velocity  of  flame  propagation,  X  is  the  coeffi¬ 
cient  of  thermal  conductivity,  A  is  a  constant,  E  is  the  activation 
energy,  R  is  the  gas  constant,  T  is  the  adiabatic  equilibrium  tempera- 
ture  of  the  flame,  C  is  the  specific  heat  capacity  at  constant  pres- 

r 

sure,  a  is  the  initial  concentration  of  the  reagents,  pQ  is  the  den¬ 
sity,  a  is  the  heat-transfer  coefficient  and  Tq  is  the  initial  tempera¬ 
ture. 

In  a  number  of  cases,  the  experimental  and  computed  flame-propaga- 
tlon  velocities  agree  quite  well.  Thus,  the  experimental  values  for 
propane  and  ethylene  are  39  and  68  cm/sec,  while  those  computed  by  the 
above  formula  are,  respectively,  38-3  and  71.0  cm/sec. 

The  smaller  the  activation  energy,  the  higher  will  be  the  rate  of 
normal  flame  propagation: 


Hydrocarbon 

cal/mole 

cm/sec 

Acetylene . 

20,000 

144.0 

Ethane . 

26,000 

40.1 

Ethylene . 

24,000 

68.2 

Isopentane . 

27,000 

36.6 

In  propagation  of  a  flame  in  a  quiet  medium  and  in  laminar  flow 
of  the  combustible  mixture,  a  smooth  and  distinct  flame  front  is  formed. 
In  turbulent  flow,  the  flame  front  loses  its  definition  and  becomes 
uneven  under  the  influence  of  pulsation.  For  this  reason,  the  area  of 
a  turbulent-flame  front  is  larger  than  that  of  a  laminar-flame  front. 

The  movement  of  the  flame  front  in  turbulent  combustion  in  the  direc¬ 
tion  perpendicular  to  its  surface  is  known  as  the  turbulent  rate  of 
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propagation  of  the  flame  [14].  It  depends  on  the  physicochemical  prop 
erties  of  the  combustible  mixture  and  the  aerodynamic  conditions, 
which  are  characterized  by  the  Reynolds  number  Re: 

tit  ~  Mm  /1+fc  Rc; 

Mm]/  1  , 

where  k  is  a  coefficient,  e  is  the  turbulent-diffusion  coefficient, 
and  a  is  the  molecular  coefficient  of  thermal  conductivity. 


Fig.  121.  Combustion  rate  of  fuels  as 
a  function  of  Reynolds  number,  a) 
Acetylene  (un  =  147  cm/sec);  b)  ethyl¬ 
ene  (un  =  70  cm/sec);  c)  propane 
(un  =  45  cm/sec),  l)  Turbulent  veloc¬ 
ity  of  flame,  cm/sec. 


The  variation  of  flame -propagation  rate  as  a  function  of  Reynolds 
number  is  shown  in  Fig.  121. 

The  combustion  rate  may  be  almost  doubled  in  the  experiments  un¬ 
der  consideration  due  to  "turbullzation. " 
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When  a  liquid  fuel  is  burned  in  a  combustion  chamber,  nozzles 
that  atomize  the  fuel  into  fine  droplets  are  used  for  fuel  feed.  The 
burning  of  the  flame  as  a  whole  is  the  sum  of  the  combustion  of  the 
individual  droplets  forming  it.  Analysis  of  the  physical  pattern  of 
the  combustion  process  for  the  individual  drop  makes  it  possible  to 
pass  to  a  characterization  of  the  process  as  a  whole. 

L.N.  Khitrin  [15]  presents  the  burning  time  of  a  droplet  in  the 
following  form  as  a  function  of  its  initial  radius  rQ  and  other  fac¬ 
tors: 

i. 


where  Yzh  is  the  density  of  the  fuel  at  the  boiling  point,  L  is  the 
latent  heat  of  evaporation,  X  is  the  coefficient  of  thermal  conductivity 
of  the  gaseous  medium,  Tg  is  the  ambient  temperature  (the  combustion 
temperature  of  the  fuel  in  the  chamber),  T^  is  the  boiling  point  of 
the  fuel  and  t  is  the  burning  time.  This  equation  is  valid  for  the 
most  simple  cases;  it  implies  that  the  combustion  time  for  a  droplet 
is  directly  proportional  to  the  square  of  the  droplet's  initial  radius. 

G.N.  Khudyakov  [16]  studied  the  process  in  which  liquids  burn 
from  a  free  horizontal  surface,  as  well  as  the  combustion  of  liquid- 
fuel  droplets  in  flight.  The  combustion  of  a  liquid  from  a  free  sur¬ 
face  may  be  regarded  as  the  first  stage  in  a  comparative  characteriza¬ 
tion  of  the  combustion  of  liquids.  The  combustion  process  of  a  liquid 
fuel  is  composed  of  its  heating,  vaporization,  mixture  of  the  vapors 
with  an  oxidizer  (air),  ignition  of  the  resulting  mixture,  and  combus¬ 
tion  of  the  vapor-and-air  mixture. 

The  combustion  process  is  composed  of  the  times  spent  in  the  fol¬ 
lowing  individual  stages: 

1)  heating  and  vaporization  of  the  droplet; 


TABLE  86 

Rate  of  Combustion  of  Liquid  Fuels  from  Free  Sur¬ 
face  and  Normal  Combustion  Rate  [16] 


1  fopioiec 

2 

T.  «im„ 

•c 

i 

HdOTMOCTk 
i»P»  3>* 

4 

CNopocn*  »«■ 

rojMNMa  MM* 
koctcA,  mmJmuh 

CKOporn,  (Me* 

npocr|i.iiiciiN» 

iMauniii, 

5  (Jt/efK 

6  rJcTpaiofiitufi  x|wp . 

0,710 

2,45 

7  Atlll.lllltOIIIIUH  GCIIllllt . 

.At)- 170 

0,7.10 

2, i0 

44, C 

8'  AiiTOMoGiMibiiufl  Gemini . 

tit) — 220 

0,770 

1,75 

9  Kopocini . . 

i50-:tu) 

0,840 

0,07 

30 

0  Dciuo.i . 

so 

'  0,873 

3,15 

44,8 

1  Twiyivi . 

no 

0,800 

2,08 

38,8 

2  MuikionuA  cmipT . 

_  — 

0,800 

1,20 

57 

3  Amciioc  uaevio  mipaima . 

— 

0,028 

1,30 

4  Alaiiiiiiuioc  Mac.no . 

— 

0,000 

0,74 

— 

1)  Fuel;  2)  b.p.,  °C;  3)  density  at  20°;  4)  rate 
of  combustion  of  liquids,  mm/min;  5)  normal  rate 
of  flame  propagation,  cm/sec;  6)  petroleum  ether; 
1)  aviation  gasoline;  8)  automobile  gasoline;  9) 
kerosene;  10)  benzene;  11)  toluene;  12)  methyl  al¬ 
cohol;  13)  green  pyrolysis  oil;  14)  machine  oil. 


?.)  mixing  of  the  resulting  combustible  vapors  with  the  oxidant; 

3)  the  ignition  delay; 

4)  the  time  for  propagation  of  the  flame  through  the  air-and-vapor 
mixture . 

The  slowest  process  is  the  first  stage,  the  rate  of  which  depends 
on  the  size  of  the  droplet,  which  determines  the  rate  at  which  the 
latter  is  heated  up. 

Since  evaporation  of  a  combustible  liquid  takes  place  at  the  ex¬ 
pense  of  the  radiant  heat  of  a  flame,  a  certain  heat-transfer  relation¬ 
ship  is  established  in  the  steady-state  process: 

heat  expended  on  1  /  heat  flow  to 

evaporation  of  liquid  j  \  surface  of  liquid 

yr  (t  +  c (/«-/*))  =  a(/rep— /,) 

v  —  a  (4qp  ~  M 

where  v  is  the  combustion  rate,  y  is  the  density,  i  is  the  latent  heat 
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of  evaporation,  is  the  boiling  point  and  the  surface  temperature  of 
the  boiling  liquid,  t  h  is  the  initial  temperature  of  the  liquid, 
a( tgor  -  tk)  is  the  heat  flow  to  the  liquid  surface,  tgQr  is  the  com¬ 
bustion  temperature  and  a  is  the  heat-transfer  coefficient. 

The  above  equation  is  a  heat-balance  equation;  in  elementary  form, 
it  characterizes  the  factors  on  which  the  liquid's  combustion  rate  de¬ 
pends  from  the  standpoint  of  heat  transfer.  However,  this  relationsnip 
assumes  a  more  complex  form  for  combustion  of  a  droplet. 

Table  86  presents  the  surface  combustion  rates  of  a  series  of 
liquids  according  to  the  data  of  G.N.  Khudyakov  [ 16 ] . 

The  combustion  rate  may  be  used  for  comparative  characterization 
of  individual  fuels.  It  follows  from  this  that  the  volatility  of  liq¬ 
uid  fuels  is  a  decisive  factor  in  their  combustion,  while  the  normal 
flame -propagation  rate  is  of  the  same  order  for  the  majority  of  fuels. 
2.  Stability  of  Fuel  Combustion 

By  the  term  "stability  of  combustion"  we  imply  the  property  of 
maintaining  a  flame  front  through  various  deviations  from  the  normal 
mode  toward  either  leaner  or  richer  mixtures. 

TABLE  87 

Influence  of  Air  Pressure  and  Tempera¬ 
ture  on  Range  of  Stable  Combustion 
for  Gasoline  [18] 


1 

AaDAciiiic, 

am 

2 

CKOpoCTb 

aoo/iyxa, 

mIcck 

3 

fcwnrpaivpa 
boJAyxa,  •  C 

npcflc-flu  craGiuibHoro 
ropcmnr,  OTtiomcmic 

K  CTeXMOMCTpMMCCKOUy 
||  eocTaoy 

0,2 

110' 

I  150 

1,31-0,00 

l.i 

120 

150 
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1)  Pressure,  atm;  2)  air  velocity, 
m/sec;  3)  air  temperature,  °C;  4) 
range  of  stable  combustion;  ratio  to 
stoichiometric  composition. 
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Pig.  122.  Range  of  stable  com¬ 
bustion  for  lsooctane.  1)  Air 

consumption,  cmVsec;  2)  air- 
to-fuel  ratio;  3)  extinction; 
4)  rlch-mlxture  axial  combus¬ 
tion;  5)  extinction;  6)  normal 
combustion. 


The  normal  stable  operating  mode  of  the  engine  corresponds  to  air- 
to-fuel  ratios  ranging  from  5:1  to  120:1.  In  cases  of  acceleration  or 
deceleration,  these  limits  may  be  extended  to  20:1  to  600:1. 

The  influence  of  the  fuel's  chemical  composition  on  its  range  of 
rtable  combustion  has  been  studied  in  various  experimental  apparatus 
and  chambers. 

Figures  122  and  123  show  the  limits  of  stable  combustion  for  iso¬ 
octane  and  toluene  [17]. 

The  data  shown  were  obtained  in  an  investigation  carried  out  with 
a  chamber  formed  by  a  quartz  tube  600  mm  long  and  25  mm  in  diameter.  A 
special  burner  into  which  the  fuel  vapor  and  air  were  fed  was  set  up 
at  one  end  of  the  tube.  Combustion  stability  was  characterized  by  the 
maximum  flow  rate  of  the  working  mixture  (cm3/sec),  at  which  flame 
breakaway  was  observed.  The  alr-to-fuel  ratio  was  held  constant  in  the 
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Fig.  123.  Stable-combustion 
range  for  toluene.  1)  Air  con¬ 
sumption,  cmVsec;  2)  air-to- 
fuel  ratio;  3)  rich-mixture 
axial  combustion;  4)  extinc¬ 
tion;  5)  lean-mixture  axial 
combustion;  6)  extinction;  7) 
normal  combustion;  8)  stoichi¬ 
ometry. 


Fig.  124.  Minimum  critical  fuel 
consumption  as  a  function  of 
temperature  of  10$  distillation 
of  fuel,  l)  Temperature  of  10$ 
distillation,  °C;  2)  minimum 
critical  fuel  consumption, 
kg/sec. 
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process. 

Acetylene  has  a  broad  range  of  stable  combustion  in  mixtures  with 
air.  The  other  hydrocarbons  (paraffins,  naphthenes,  aromatic  hydrocar¬ 
bons)  have  closely  similar  stable-combustion  ranges. 

It  will  apparently  be  Impossible  to  achieve  any  essential  broaden¬ 
ing  of  the  stable-combustion  range  by  manipulating  the  chemical  compo¬ 
sition  of  the  fuel,  since  such  substances  as  acetylene  and  its  homologs 
can  hardly  be  used  in  practice.  Adequate  study  has  not  as  yet  been  de¬ 
voted  to  the  significance  of  various  fuel  additives  in  expanding  the 
stable-combustion  range. 

The  range  of  stable  combustion  depends  on  the  combustion  condi¬ 
tions  of  the  fuel.  Table  87  shows  the  range  of  stable  combustion  for 
gasoline  in  an  experimental  chamber  as  a  function  of  the  pressure  and 
temperature  of  the  air  fed  to  it. 

The  critical  fuel-flow  rate,  at  which  flame  breakaway  may  be  ob¬ 
served,  depends  on  the  volatility  of  the  fuel,  which  is  characterized 
by  the  temperature  of  100  distillation.  Thus,  flame  breakaway  is 
reached  in  the  combustion  of  gasoline  at  leaner  mixtures  than  in  the 
combustion  of  kerosene.  Kerosene  is  superior  to  gas  oil  in  this  respect 
[lb].  This  situation  is  illustrated  by  Fig.  124. 

When  gas  oils  with  boiling  ranges  from  240  to  365  and  207  to  400° 

are  used  as  fuels,  it  is  impossible  to  start  the  engine.  After  the  en¬ 
gine  has  been  started  on  a  light  fuel,  however,  it  can  continue  run¬ 
ning.  Neither  starting  nor  running  was  possible  in  the  case  of  gas  oils 

with  the  boiling  range  260  to  396°. 

Apart  from  volatility,  the  combustion  stability  of  a  fuel  depends 
on  the  degree  to  which  it  is  atomized  and  the  quality  of  mixture  forma¬ 
tion.  The  quality  of  atomization  depends  in  turn  on  the  viscosity  and 
surface  tension  of  the  fuel.  It  is  considered  that  with  fuel  viscosities 


-  324  - 


higher  than  15  centistokes,  atomization  quality  may  deteriorate  con¬ 
siderably.  At  normal  temperatures,  the  viscosities  of  jet  fuels  run  to 
2-3  centistokes,  but  at  low  temperatures  they  may  increase  consider¬ 
ably.  Negative  viscosity  values  can  be  reduced  by  heating  the  fuel  [18]. 
Contemporary  conceptions  of  fuel  combustion  are  set  forth  in  References 
[19,  20]. 
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317  h  =  n  =  normal' nyy  =  normal 

319  3K  =  zh  =  zhidkost'  =  liquid 

319  c  =  s  =  sreda  =  medium 

319  k  =  k  =  kipeniye  =  boiling 

320  rop  =  gor  =  goreniye  =  combustion 


Part  Two 


FUELS  FOR  LIQUID  REACTION  ENGINES 


Chapter  1 

GENERAL  INFORMATION  ON  ENERGY  SOURCES  AND  FUELS 
FOR  LIQUID  REACTION  ENGINES 

1.  Characteristics  of  Energy  Sources  for  Liquid  Reaction  Engines 

Systems  consisting  of  one  or  several  substances  capable  of  burn¬ 
ing  at  high  speed  in  an  engine  chamber  and  liberating  large  quantities 
of  heat  and  gases  can  be  considered  to  be  energy  sources  (fuels).  The 
term  conversion  encompasses  not  only  combustion  but  any  chemical  proc¬ 
ess  accompanied  by  the  liberation  of  energy. 

In  practice,  reactions  in  which  various  elements  are  oxidized, 
chiefly  by  oxygen  and  fluorine,  are  associated  with  the  concept  of  com- 
bustion.  The  essence  of  oxidation  lies  in  the  transfer  of  electrons 
from  the  substance  being  oxidized  to  an  atom  of  the  oxidizer. 

We  must  keep  in  mind,  however,  that  a  large  amount  of  energy  can 
be  liberated  not  only  in  oxidation  reactions  such  as,  for  example,  the 
oxidation  of  carbon  by  oxygen: 

C  +  02  -*  C02  +  94.05  kcal/mole,  or  2150  kcal/kg, 
but  also  in  reduction  reactions,  for  example  the  reduction  of  carbon 
monoxide  by  hydrogen: 

CO  +  3H2  -*•  CH^  +  H20  +  46  kcal/mole,  or  1440  kcal/kg, 
as  well  as  in  reactions  in  which  hydrogen  may  be  considered  to  be  an 
oxidizer  as,  for  example,  in  the  formation  of.  lithium  hydride:'' 

Li  +  1/2H2  -*  LiH  +  21.6  kcal/mole,  or  2730  kcal/kg. 

For  the  sake  of  comparison,  let  us  note  that  a  solid  propellant 
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liberates  800-1200  kcal/kg  upon  combustion. 

Reactions  accompanied  by  the  liberation  of  heat  and  light  are  ob¬ 
served  in  systems  in  which  oxidation  or  reduction  does  not  occur  in 
the  normal  sense,  i.e.,  in  the  dissociation  of  ozone: 

0^  -*■  l-l/202  +  34  kcal/mole,  or  708  kcal/kg. 

A  process  superficially  resembling  combustion  will  be  observed 
upon  recombination  of  atoms  into  molecules,  for  example: 

0  +  0  -*•  02  +  116.4  kcal/mole,  or  3640  kcal/kg. 

Thus,  the  number  of  processes  in  which  a  large  amount  of  energy 
is  developed  is  not  limited  solely  to  combustion  or  oxidation  proc¬ 
esses. 

In  practice,  however,  it  is  chiefly  the  energy  of  oxidation  proc¬ 
esses  that  is  used  in  engines. 
a)  The  energy  of  oxidizing  processes 

The  liberation  of  heat  during  oxidizing  processes  is  the  most  com¬ 
mon  method  of  obtaining  energy.  Processes  accompanied  by  the  libera¬ 
tion  of  more  than  1000-1200  kcal/kg  are  chiefly  used  in  ZhRD. 

The  energy  efficiency  of  combustion  processes  is  characterized  by 
the  heat  of  reaction  and  by  the  amount  of  heat  liberated  per  unit 
weight  of  fuel. 

The  fuel  may  take  the  form  of  a  combination  of  several  substances 
(oxidizer  and  combustible)  or  may  consist  of  a  single  substance.  The 
heat  of  reaction  per  unit  weight  of  fuel  (combustible  +  oxidizer)  is 
called  the  heat  yield  to  distinguish  it  from  heating  value,  which  is 
employed  to  characterize  fuels  burning  at  the  expense  of  the  oxygen  of 
the  air. 

To  illustrate  oxidation  reactions,  we  give  the  following  oxidizing 
processes  (Table  88). 

The  three  last  oxidation  reactions  shown  in  Table  88  are  charac- 
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TABLE  88 

Heat  of  Reaction  Characteristics  for  Oxidiz¬ 
ing  Processes  [1-3] 


j  .  2  Tcnjwoo/l  *44ckt.  kkiu 
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.  .  i  402 

7380 

3040 

2P  2'/A  -  P,0*  .  .  . 
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Si  -i-  2Fi  -•  SiF« . 

.  .  j  373,0 

— 
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Al  -i*  1  */*  Fi  -»  AIFa  .  .  .  . 

.  . 1  320 

3040 

U  -i-  IV*  F»  -*  UFa . 

.  267,0 

_ 

380.7 

'/.IIH-'/iFs-HF.  . 

64.2* 

— 

3210 

~Vi  Mi-i-  Vi  Cl*  —  MCI _ 

.  .j  21,80 

i 

I 

tittt  , 

♦Without  allowing  for  the  heat  of  condensation. 

1)  Reaction;  2)  heat  of  reaction,  kcal;  3) 
per  g-mole;  4)  per  kg  of  combustible;  5)  per 
kg  of  combustible-oxidizer  mixture. 


terized  by  low  reaction  heat  and,  naturally,  cannot  be  used  as  energy 
sources. 

In  many  cases,  substances  may  be  used  as  fuels  that  contain  free 
oxygen  (for  example,  bound  by  nitrogen)  capable  of  combining  with  other 
elements  upon  breakdown  of  the  substance,  with  the  liberation  of  large 
amounts  of  heat. 

Examples  of  such  substances  are  nitroglycerine  and  nltromethane: 

4CjH1(ONOj)j  •-  12COs  +  IOHjO  +  6N,  +  0,  +  1485  kcal/kg 
CHjNOj -» CO  +  1-IjO  +  VjH,  +  VjNj  +  1030  kcal/kg.  . 

Substances  that  decompose  and  liberate  a  large  amount  of  energy 
are  explosive  to  some  degree  or  other.  Their  use  in  liquid  reaction 
engines  in  certain  cases  is  confined  to  experimental  investigations, 
and  in  other  cases  is  limited  to  the  use  of  substances  having  low  heats 
of  decomposition. 

b)  Breakdown  energy  of  endothermic  substances 

Certain  substances  whose  formation  is  accompanied  by  the  absorp- 
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tion  of  energy  liberate  this  energy  when  they  decompose.  In  principle, 
reactions  in  which  endothermic  substances  break  down  into  elements  or 
groups  of  atoms  may  be  considered  as  energy  sources. 

Thus,  5^*9  kcal  of  heat  is  absorbed  upon  the  formation  of  a  gram- 
molecule  of  acetylene  from  hydrogen  and  oxygen.  Upon  decomposition  of 
the  acetylene,  this  energy  is  liberated  completely: 

HC  =  CH  -  2C  +  H2  +  54.9  kcal/mole  (2110  kcal/kg). 

The  liquid  polymer  of  acetylene  (divinylacetylene)  decomposes 

similarly.  6C+3H,+ 76  kcal/mole  (980  kcal/kg) 

CH,  -  CH  —  C  =  C  — CH  =  CH,<^ 

ll/sCH«  +  4l/,C  +  1250  kcal/kg. 

These  reactions  find  no  technical  application,  since  the  explosive 

properties  of  acetylene  prevent  its  application  in  technology  in  the 

liquid  or  compressed  form.  In  oxygen-acetylene  welding,  however,  the 

energy  of  the  endothermic  breakdown  of  acetylene  is  used;  it  is  added 

to  the  energy  of  oxidation: 

C:H,  +  2,50, ->  200,  H,0  -f  2770  kcal/kg. 

The  explosive  breakdown  reactions  of  such  endothermic  compounds 

as  lead  azide  and  mercury  fulminate  find  application  in  technology: 

PbN, -►  Pb  3N8  +  367  kcal/kg 
Hg (CNO), -* Hg  +  2C  -!•  N,  4-0,4-  414  kcal/kg. 

These  reactions  are  used  as  detonators  for  explosives. 

Table  89  gives  the  decomposition  energy  for  several  endothermic 
compounds. 

Among  the  endothermic  compounds,  acetylene  and  hydrazoic  acid  pos¬ 
sess  the  greatest  energies  of  decomposition. 

These  compounds  cannot  be  used  in  rocket  engines,  at  least  at  the 
present  time,  owing  to  their  explosiveness. 

A  breakdown  reaction  of  endothermic  compounds  may  be  accompanied 
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by  the  formation  of  complex  molecules  with  the  liberation  of  an  addi¬ 
tional  amount  of  heat  as,  for  example,  in  the  case  of  hydrazine: 

N2H4  -  ll/,NH,  +  V,N,  +  26,3  kcal/mole,  or.  825  kcal/kg. 

Hydrazine  is  a  substance  that  presents  considerable  interest  for 
rocket  engineering. 


TABLE  89 

Heating  Value  of  Breakdown  Reactions  of  Endothermic 
Compounds  [4] 
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124, 1 
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610 

14  Aa»A  Mc.vi . 

CuNj 

103 

-56,9 

510 

15  T pCXXAOpilCTLIU  SJOT . 

NCI, 

120,4 

-54,7 

454 

16  JlnyoKiiCb  x;iopa . 

CIO, 

67,5 

-30,1 

446 

17  Asha  CDiuma . 

Ph  (Nj): 

-103,0 

367 

IO  rpcMynaii  piyTb  . 

Hc(CNO), 

— 

-62,8 

414 

1)  Compound;  2)  formula;  3)  molecular  weight;  4) 
heat  of  formation;  5)  heating  value,  kcal/kg;  6) 
acetylene;  7)  hydrazoic  acid;  8)  dicyanogen;  9) 
prussic  acid;  10)  nitrous  oxide;  11)  nitric  acid; 

12)  ozone;  13)  calcium  azide;  14)  copper  azide; 

15)  nitrogen  chloride;  16)  chlorine  dioxide;  17) 
lead  azide;  18)  mercury  fulminate. 

c)  Energy  of  association  of  atoms  into  molecules 

Many  elements  normally  exist  in  the  form  of  molecules,  for  exam¬ 
ple,  Hg,  02,  Ng,  Pg,  etc.  Upon  formation  of  such  molecules  from  free 
atoms  of  elements,  a  large  amount  of  energy  is  liberated: 

2H  -*•  Hg  +  102.7  kcal/mole 
20  -*■  Og  +  116.4  kcal/mole 
2N  -*■  Ng  +  169.4  kcal/mole. 

Elements  in  the  atomic  state  may  be  obtained  in  an  electric  glow 
discharge,  an  electric  arc,  photochemically,  and  also,  evidently,  may 
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be  produced  by  radiation. 

Many  substances  may  be  obtained  in  the  atomic  state  in  an  elec¬ 
tric  discharge.  For  example,  when  a  powerful  electric  discharge  is 
passed  through  gaseous  hydrogen,  the  molecules  dissociate  into  atoms. 
Under  laboratory  conditions,  when  a  stream  of  molecular  hydrogen  at  a 
pressure  of  about  1  mm  Hg  is  passed  through  an  electric  glow  discharge 
with  a  potential  difference  of  10,000  v,  atomic  hydrogen  is  obtained, 
which  may  be  removed  to  considerable  distances  from  the  discharge  zone. 
At  a  pressure  of  0.5  mm  Hg,  the  concentration  of  atomic  hydrogen  drops 
by  a  factor  of  two  in  comparison  with  the  initial  concentration  within 
1/3  sec  [5]. 

Hydrogen  atoms  recombine  at  the  surface  of  several  solids.  A  tung¬ 
sten  wire  or  thorium  oxide  located  in  a  stream  of  cold  gas  containing 
atomic  hydrogen  will  become  red  hot. 

This  phenomenon  is  used  in  engineering  for  so-called  "atomic  weld¬ 
ing.  "  Atomic  hydrogen  is  obtained  in  the  arc  of  an  electric  discharge 
between  tungsten  electrodes  at  atmospheric  pressure.  To  do  this,  a 
stream  of  gaseous  hydrogen  is  forced  through  the  electric  arc  where 
20-25$  of  the  hydrogen  molecules  dissociate  into  atoms.  The  stream  ob¬ 
tained  is  then  directed  against  the  surface  being  welded,  which  is 
placed  at  a  distance  of  10-15  cm  from  the  arc.  The  hydrogen  atoms  re¬ 
combine  at  the  surface,  producing  strong  local  heating.  Such  high- 
melting  metals  as  tungsten  are  processed  and  fused  with  the  aid  of 
this  method.  At  the  same  time,  the  hydrogen  prevents  oxidation  of  the 
metal. 

As  with  hydrogen,  atomic  oxygen  is  obtained  in  an  electric  dis¬ 
charge.  A  platinum  wire  located  in  a  stream  of  atomic  oxygen  heats  up 
rapidly  and  melts  owing  to  the  energy  released  by  recombination  of 
oxygen  atoms  on  the  surface  of  the  wire. 


Atomic  oxygen  is  extremely  active:  hydrocarbons  instantaneously 
ignite  upon  contact  with  atomic  oxygen. 

Table  90  gives  heats  of  atomic  association  for  several  elements. 


TABLE  90 

Heats  of  Association  of  Atoms  into  Mole¬ 
cules  for  Certain  Elements  [2] 
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1)  Element;  2)  reaction  product;  3)  heat 
of  reaction;  4)  composition;  5)  molecular 
weight;  6)  kcal/mole;  7)  kcal/kg;  8)  hy¬ 
drogen;  9)  deuterium;  10)  nitrogen;  11) 
carbon;  12)  oxygen;  13)  lithium;  14) 
phosphorus;  15)  fluorine;  16)  sulfur; 

17)  chlorine. 


The  greatest  heating  value  is  given  by  association  reactions  of 
atoms  of  hydrogen,  deuterium,  oxygen,  nitrogen,  and  carbon.  Atoms  of 
the  remaining  elements  yield  less  heat  of  reaction  upon  association. 

The  application  of  the  energy  of  atomic  association  into  molecules 
to  reaction  engines  is  hampered  by  the  need  for  expending  a  large 
amount  of  energy  in  order  to  obtain  the  atoms.  At  altitudes  of  80-90- 
100  km,  however,  the  atmospheric  components  such  as,  for  example,  oxy¬ 
gen  are  partially  in  the  atomic  state,  owing  to  the  effect  of  the 
shortwave  ultraviolet  solar  radiation;  they  do  not  recombine  into 
molecules  since  the  pressure  is  so  low  (at  a  height  of  80  km,  atmos¬ 
pheric  pressure  amounts  to  0.01  mm  Hg),  and  no  suitable  catalyst  is 
present. 
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In  the  launching  of  the  "Aerobee"  research  rocket  at  the  New  Mex¬ 
ico  proving  grounds  in  1956,  a  balloon  containing  8.2  kg  of  nitric 
oxide  was  exploded  at  a  height  of  96  km  [6].  The  nitric  oxide  produced 
catalytic  recombination  of  the  oxygen  atoms  in  the  atmosphere,  accom¬ 
panied  by  a  bright  flash,  and  leading  to  the  formation  of  a  cloud  of 
about  5  km  in  diameter  resulting  from  the  liberation  of  a  large  amount 
of  energy  upon  the  formation  of  the  oxygen  molecules.  The  glowing 
cloud  remained  intact  for  a  10-min  period,  and  from  the  earth  appeared 
to  be  four  times  the  size  of  the  moon. 

It  has  been  proposed  that  the  energy  of  atomic  association  that 
may  be  obtained  in  the  upper  atmosphere  may  be  used  in  special  ram- 
type  rocket  motors.  With  the  rocket  moving  at  high  speed  (7-10  times 
the  speed  of  sound)  the  rarefied  atmosphere  will  enter  at  the  inlet 
diffuser  of  the  motor,  where  it  will  be  compressed  to  0.5-1  atm  owing 
to  ram  action,  and  then  sent  on  to  the  combustion  chamber,  where  con¬ 
tact  of  the  oxygen  with  a  catalyst  (gaseous  NO  or  heavy  metals)  should 

produce  energy  owing  to  the  association  of  oxygen  atoms  into  molecules. 

•5 

At  a  height  of  100  km,  the  recombination  of  the  oxygen  in  1  nr  of 
air  will  liberate  10  kcal;  a  ramjet  engine  operating  on  atomic  oxygen 
will  develop  very  low  thrust  owing  to  the  low  air  density. 

Many  chemical  experiments  with  atomic  hydrogen,  oxygen,  and  nitro¬ 
gen  have  been  carried  out  under  laboratory  conditions.  Atoms  were  ob¬ 
tained  in  discharge  tubes  at  pressures  of  0. 1-1.0  mm  Hg,  and  under 
these  conditions  underwent  chemical  conversions.  The  mean  lifetimes  of 
the  H,  0,  and  N  atoms  were  measured  in  tenths  of  a  second,  and  thus 
the  stream  containing  the  atomic  hydrogen,  oxygen,  and  nitrogen  can  be 
led  out  to  a  considerable  distance  from  the  discharge  point. 

Atomic  hydrogen  possesses  exceptional  chemical  activity.  Thus, 
when  atomic  hydrogen  acts  upon  certain  metals  and  nonmetals  there  are 
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formed,  for  example,  the  hydrides  of  beryllium,  tin,  lead,  sulfur, 
phosphorus,  and  arsenic.  Atomic  hydrogen  with  molecular  oxygen  yields 
hydrogen  peroxide.  With  ethylene  and  acetylene,  atomic  hydrogen  causes 
the  formation  of  high  polymers  and  in  this  case  thus  initiates  polymer¬ 
ization. 

When  atomic  hydrogen  reacts  with  paraffin  hydrocarbons,  destruc¬ 
tive  hydrogenation  occurs,  resulting  in  the  breaking  of  the  bonds  be¬ 
tween  the  hydrogen  atoms. 

The  process  of  atomic  recombination  is  catalytic.  The  activity  of 
heterogeneous  catalysts  for  the  recombination  of  hydrogen  decreases  in 
the  series  [5]: 

Pt  >  Pb  >  W  >  Cr  >  Cu  >  PI)  >  Hg. 

Water  is  an  inhibitor  of  recombination.  The  best  results  are 
yielded  by  phosphoric  acid  in  the  form  of  films  on  surfaces  with  which 
atomic  hydrogen  is  in  contact. 

Interesting  reactions  may  be  carried  out  with  atomic  nitrogen  and 
oxygen.  Thus,  the  chemical  activity  of  atomic  oxygen  is  considerably 
greater  than  even  that  of  ozone. 

Nitrogen  in  the  atomic  state  causes  comple . .  _ _ *  ons  for  organic 

compounds.  Thus,  when  benzene  and  naphthalene  are  reacted  with  atomic 
nitrogen,  the  very  destructive  reactions  result  in,  for  example,  pyri¬ 
dine,  nitryls,  quinoline,  naphthylamine ,  and  other  substances. 

Thus,  the  utilization  of  hydrogen,  oxygen,  nitrogen,  and  other 
elements  in  the  atomic  state  presents  very  considerable  scientific  in¬ 
terest. 

Recently,  atomic  oxygen  and  nitrogen  have  been  obtained  in  the 
free  state  in  frozen  form  at  4°K.  Upon  heating  a  frozen  system  to 
20-30°K,  the  atoms  recombine  actively,  liberating  a  large  amount  of 
heat,  accompanied  by  a  flame. 
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In  the  United  States  the  Defense  Department  has  devoted  a  great 
deal  of  attention  to  developing  fuels  based  upon  elements  in  the  atomic 
state  and  upon  radicals.  Large  groups  of  scientists  have  been  engaged 
in  such  work  since  195^. 
d)  Energy  of  nuclear  reactions 

According  to  the  mass -energy  equivalence  principle 

E  =  me2, 

where  E  is  energy,  m  is  mass,  and  c  is  the  speed  of  light. 

Upon  conversion  of  the  mass  of  a  substance  into  energy,  2. 15* 10^ 
keal/kg  is  liberated. 

In  modern  ZhRD,  about  2.15-2.3*10^  keal/kg  is  developed,  which  is 
only  one  ten  billionth  of  the  total  amount  of  energy  concentrated  in 
the  substance. 

Thus,  it  is  quite  natural  to  expect  an  Increase  in  energy  output 
upon  transformation  of  matter. 

One  of  the  paths  in  this  direction  is  the  utilization  of  nuclear 
energy. 

Nuclear  transformations  are  a  promising  but  as  yet  far  from  prac¬ 
tical  energy  source  for  reaction  engines  [7-9]. 

Methods  of  obtaining  nuclear  energy  are  discussed  In  the  special¬ 
ized  literature  (see,  for  example,  [17]). 

We  will  touch  upon  this  question  in  connection  with  an  evaluation 
of  the  energy  available  from  nuclear  reactions  as  a  possible  power 
source  for  reaction  engines. 

Three  different  methods  are  known  for  liberating  nuclear  energy: 
radioactive  decay  of  unstable  nuclei,  thermonuclear  reactions,  and 
nuclear  chain  reactions. 

The  radioactive  decay  of  atomic  nuclei  of  unstable  isotopes  occurs 
continuously  in  all  radioactive  substances.  This  process  requires  no 


specific  critical  mass,  and  so  cannot  be  regulated.  Thus,  1  g  of  radium 
develops  about  140  cal/hr  of  heat,  and  this  process  can  be  neither 
slowed  down  nor  speeded  up. 

Nuclear  reactions  accompanied  by  the  liberation  of  a  large  amount 
of  energy  may  occur  when  the  atomic  nucleus  of  an  element  collides 
with  nuclear  components:  protons  or  neutrons. 

Table  91  compares  nuclear-reaction  energies  with  energies  from 
oxidation  reactions. 


TABLE  91 

Comparison  of  Various  Power  Sources  for  Rocket 
Motors 


1  npoucce 

!  2  | 

1  TrnaonoA  j 

*l*|*kT. 
kkqa/kc  1 

1 

3 

3>Kniin.tAciiT 

crop.imiucS 

■icii>rM 

~T\ - 

IIMliy.lKC, 

CCK 

^Oriioiiifiiiic 

ten/nnoro 

k  k*=mc' 

6  Sncpum  oKucAumcAbtMX  npoqcccoA 

H,+  V*  0»  -*  H«0 

3210  ! 

0,32  m 

370 

1 ,5- 10-*° 

C„H  .„+().-»  CO, +  H,° 

2270 

0,22  » 

290 

1,1-10-*° 

C^HpOjN  -  CO  +  COi+HsO+N, 

7  (n°P°x) 

1200 

0,12  » 

210 

6-10-“ 

8  dHcpeim  acconuonuu  aniouot 

HtH-Hi 

51000 

5,1  Kt 

1C00 

2,4-10-* 

N  +  N  -  N-. 

6050 

0.6  » 

530 

— 

9  dHcpuiH  ndcpubix  pcaKt{iiu 

H  +  Li’  -  2Hc 

5,M0W 

1  5100  m 

1-10* 

— 

4H-  He 

1,62. 10“ 

1G20  » 

2,5-10* 

7,5-10-’ 

D-He 

3,9- 10*° 

3900  > 

— 

— 

10UMi  -•  npojyKTbi  awiciihu 

11 1  m  BOflbi  —  oOpa3ooanHC  rexim 

1,57.10'" 

1570  • 

1,2-10* 

4,31-10"’ 

H3  AeflTCpilX  DOAhl 

4- 10* 

0,4  » 

1,25-10* 

— 

12  n pcepauiCHUC  moccu  e  mcpeuio 

E  —  me * 

I  2, 15- 101* 

I  2,15-10* 

I  3-10* 

I  1.0 

l)  Process;  '2)  thermal  efficiency,  kcal/kg;  3)  pe¬ 
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sec;  5)  ratio  of  thermal  efficiency  to  E  =  me2;  6) 
energy  of  oxidizing  processes;  7)  (powder);  8)  en¬ 
ergy  of  atomic  association;  9)  energy  of  nuclear 

reactions;  10)  U2^  -*■  fission  products;  11)  1  kg 
water  -*•  formation,  of  helium  from  the  deuterium  of 
the  water;  12)  conversion  of  mass  into  energy. 


-  338 


Specific  impulse  is  computed  in  kilograms  per  kg  of  fuel  converted 
in  1  sec,  and  is  found  from  the  formula 

P  =  9,33  VoTH, 

where  H  is  the  thermal  efficiency  of  the  reaction  in  kcal  per  kg  of 
fuel.  For  nuclear  reactions,  it  is  necessary  to  utilize  an  intermediate 
working  fluid,  which  is  heated  by  the  nuclear  reaction.  In  this  case, 
in  practice,  the  specific  impulse  from  a  nuclear  reaction  with  uranium 
will  amount  to  not  1,000,000  sec,  but  some  1000-3000  sec  per  kg  of 
working  fluid. 

In  nuclear  chain  reactions  in  which  neutrons  participate,  a  neu¬ 
tron  colliding  with  a  nucleus  is  absorbed  by  the  nucleus,  which  then 
ejects  one  or  several  new  neutrons.  At  the  same  time,  new  nuclei  are 
formed.  All  known  nuclear  chain  (i.e.,  self propagating) ,  reactions 
that  liberate  energy  and  increase  the  number  of  neutrons  take  place 
with  heavy  nuclei. 

For  a  nuclear  reaction  to  take  place,  a  certain  critical  mass 
must  be  present.  It  is  only  under  these  conditions  that  the  nuclei  are 
able  to  capture  neutrons  with  sufficient  effectiveness. 

P’3'2  235 

For  the  chemically  pure  uranium  Isotopes  U  and  U  ,  as  well 
as  for  plutonium  Pu2^,  the  critical  mass  takes  the  form  of  a  sphere 
having  a  radius  of  several  centimeters.  The  action  of  atomic  explosives 
is  based  upon  the  formation  of  a  critical  mass  at  the  required  instant 

by  bringing  together  two  component  parts  of  the  critical  mass.  Follow- 

-6 

ing  this,  an  explosion  occurs  within  about  10  sec. 

The  nuclear  reaction  in  uranium,  which  under  appropriate  condi- 
tions  will  occur  extremely  rapidly  (10"  sec),  may  be  slowed  down  by 
means  of  a  special  "moderator."  Such  moderators  are  chemically  pure 
graphite,  heavy  water,  and  certain  other  substances. 

When  a  moderator  is  used,  the  atomic  energy  is  liberated  at  a  con- 
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siderably  lower  rate.  This  Is  the  only  way  in  which  it  may  be  used  in 
reaction  engines.  Even  here,  however,  there  are  extremely  great  diffi¬ 
culties.  The  particles  formed  in  a  nuclear  reaction  travel  at  high 
speeds.  Their  direction  of  motion  is  irregular,  however,  and  the  speed 
of  the  particles  is  extremely  high  (of  the  order  of  10,000  tan/sec, 
while  in  reaction  engines,  the  exhaust  velocity  ranges  from  2-3  km/sec), 
and  thus  their  ejected  mass  cannot  be  used  directly  to  create  thrust. 

The  first  experimental  atomic  rocket  engine  in  the  USA  used  liq¬ 
uid  helium  as  the  working  fluid  during  the  1959  experiments.  Liquid 
hydrogen  will  be  used  in  the  future  for  the  motor.  In  operation,  this 
motor  reached  a  working-fluid  exhaust  velocity  of  the  order  of  10  km/sec, 
corresponding  to  a  specific  thrust  of  about  1000  sec.  In  a  conventional 
rocket  motor  using  liquid  oxygen  and  kerosene,  the  exhaust  velocity  cf 
the  gases  amounts  to  about  3  km/sec,  and  the  specific  impulse  to 
about  300  sec. 

In  a  nuclear  rocket  motor,  It  is  necessary  to  control  the  process 
of  atomic  fission,  and  this  is  normally  done  with  the  aid  of  graphite 
rods  Introduced  into  the  U2^  mass  to  regulate  the  Intensity  of  the 
nuclear  reaction  by  capturing  neutrons  capable  of  causing  further  fis¬ 
sion  of  the  uranium  nuclei.  In  addition  to  helium  and  hydrogen,  recom¬ 
mended  working  fluids  are  water,  ammonia,  liquefied  hydrocarbon  gases, 
and,  finally,  air. 

In  the  final  analysis,  the  effectiveness  of  the  rocket  propellant 
employed  is  characterized  by  the  velocity  with  which  the  reaction  prod¬ 
ucts  leave  the  motor  nozzle.  The  speed  developed  by  the  rocket  at  the 
final  Instant  of  propellant  combustion  is  proportional  to  the  ..velocity 
with  which  the  combustion  products  flow  out  of  the  motor  nozzle  [9]. 

In  order  to  apply  nuclear  fuels  to  reaction  engines,  it  is  neces¬ 
sary  to  overcome  several  substantial  technical  difficulties.  These  dif- 
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ficulties  are  primarily  associated  with  cooling  the  nuclear  reactor 
under  reaction-engine  operating  conditions,  as  well  as  with  the  protec¬ 
tion  of  personnel  against  harmful  radiation. 

Atomic  engines  will  be  utilized  in  the  final  stages  of  cosmic 
multistage  rocket  powerplants  in  order  to  avoid  setting  up  hazards 
in  the  launch  area. # 

The  utilization  of  atomic  rocket  motors  requires  very  heavy  struc¬ 
tures  as  biological  shielding  against  harmful  reactor  radiation. 

For  spacecraft  rockets  designed  for  flights  within  the  solar 
system  and  beyond,  weighing  more  than  modern  ocean  liners,  the  crea¬ 
tion  of  such  shielding  is  quite  practical.  Such  protection  has  been 
realized  on  submarines  and  surface  vessels  using  atomic  engines. 
e)  Energy  from  ion  and  photon  motors 

In  the  literature,  there  are  discussions  of  new  types  of  motors 
in  which  the  thrust  is  created  by  ejecting  ions  from  the  motor  in  an 
ion  engine,  or  by  converting  matter  into  electromagnetic  waves  (light 
quanta)  radiated  from  the  engine  in  a  single  direction. 

The  ion  motor  employs  a  charged-particle  generator  which  uses, 
for  example,  a  powerful  electric  arc  to  form  ions,  creating  a  so-called 
plasma.  The  most  suitable  substance  for  ion  formation  is  cesium,  which 
has  a  very  low  ionization  energy. 

The  ionized  particles  obtained  are  delivered  to  an  accelerator 
where  they  are  speeded  up  in  an  electromagnetic  field  which  accelerates 
and  focuses  the  ion  beam.  The  change  in  momentum  of  the  accelerated 
particles  leads  to  the  appearance  of  thrust. 

The  impulse  of  such  a  motor  is  of  the  order  of  1000  kg  per  sec 
per  kg  of  working  fluid;  the  total  thrust,  however,  is  low  and  is  meas¬ 
ured  in  the  kilograms  and  tens  of  kilograms. 

An  ion  motor  cannot  overcome  the  force  of  gravity,  and  will  be  em- 
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ployed  for  guided  space  flights. 

Electric  power  may  be  furnished  to  an  ion  motor  by  an  atomic  elec¬ 
tric  power  plant  or,  possibly,  solar  batteries. 

The  photon  rocket  motor  is  based  upon  the  conversion  of  matter 
into  light  energy,  i.e.,  there  is  a  conversion  of  mass  into  the  energy 
of  electromagnetic  radiation. 

As  is  known,  light  radiation  has  a  definite  pressure,  depending 
upon  temperature.  The  radiation  pressure  of  a  perfect  black  body  is 
found  from  the  equation 

P  =  1.927-1CT21  T4  kgf/cm2. 

At  a  temperature  of  100,000°,  the  light  pressure  will  be  of  the 

order  of  0.2  kgf/cm2,  while  at  1,000,000°,  it  will  be  about  2000 
2 

kgf/cm  .  This  makes  it  possible  to  obtain  a  thrust  of  about  20,000  tons 

O 

from  an  area  of  1  m  . 

A  photon  motor  should  consist  of  a  chamber  that  is  transparent  to 
radiation  from  one  direction.  A  thermonuclear  process  should  be  going 
on  in  the  motor  chamber,  causing  the  matter  to  be  heated  to  a  tempera¬ 
ture  of  several  tens  of  millions  of  degrees,  accompanied  by  powerful 
radiation. 

Many  major  obstacles  lie  in  the  way  of  a  solution  to  this  problem. 
2.  General  Characteristics  of  Fuels  for  Liquid  Reaction  Engines 

In  engineering,  fuels  are  defined  as  substances  or  mixtures  of 
substances  capable  of  releasing  a  considerable  amount  of  energy  during 
chemical-reaction  processes,  which  are  normally  described  by  the  gen¬ 
eral  term  "combustion. " 

Fuels  for  liquid  reaction  engines  represent  systems  that  under 
specific  conditions  are  able  to  convert  at  considerable  speed  to  other, 
less  active  systems,  with  the  liberation  of  a  large  amount  of  heat  and 
the  formation  of  a  considerable  number  of  gaseous  products,  owing  to 
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which  it  is  possible  to  convert  the  potential  energy  concentrated  in 
the  initial  substance  or  substances  into  heat  energy,  and  then  into 
the  kinetic  energy  of  motion  of  the  gases  creating  the  thrust. 

Fuels  may  be  classified  into  the  following  three  types  according 
to  the  method  of  application: 

a)  bipropellants,  for  which  the  oxidizer  and  combustible  are  sup¬ 
plied  separately; 

b)  monopropellants,  containing  within  themselves  all  elements  re¬ 
quired  for  combustion. 

The  classification  of  reaction-engine  fuels  by  composition  is 
based  upon  the  properties  of  the  components,  which  determine  the  char¬ 
acteristics  of  the  fuel  as  a  whole.  There  is  still  no  firmly  estab¬ 
lished  classification  of  fuels,  and  the  details  of  this  classification 
are  arranged  rather  arbitrarily  by  various  authors. 

It  seems  to  us  desirable  at  the  present  time  to  make  the  follow¬ 
ing  classification  of  bipropellants  (supplied  separately)  for  liquid 
reaction  engines,  depending  upon  the  oxidizers  used. 

1.  Fuel  base:  liquid  oxygen. 

2.  Fuel  base:  nitric  acid  and  oxides  of  nitrogen. 

3.  Fuel  base:  liquid  fluorine  and  other  oxyfluorides. 

4.  Fuel  base:  concentrated  hydrogen  peroxide. 

5.  Fuel  base:  tetranitrome thane  and  other  nitro  derivatives. 

At  present,  the  oxidizers  most  frequently  employed  in  practice 

are:  nitric  acid,  oxides  of  nitrogen,  liquid  oxygen  and,  less  fre¬ 
quently,  concentrated  hydrogen  peroxide;  the  most  common  combustibles 
are  kerosene  and  other  petroleum  products,  as  well  as  alcohols,  amines, 
hydrazine  and  its  derivatives.  The  combination  of  oxidizer  and  com¬ 
bustible  is  called  a  "propellant  mixture"  or  sijnply  a  "propellant."  In 
the  majority  of  cases,  the  propellant  mixture  contains  75-85$  oxidizer 


and  15-25#  combustible.  Fuel  based  upon  liquid  oxygen  and  75#  ethyl  al¬ 
cohol  represents  an  exception.  Such  a  propellant  contains  40-45$  dilute 
alcohol  and  55-60#  oxygen  [8,9]* 

Propellant  properties  and  the  possibility  of  using  a  propellant 
in  a  given  engine  system  are  to  a  large  degree  determined  by  the  nature 
of  the  oxidizer  with  respect  to  its  specific  properties. 

In  oxygen-base  propellants,  alcohols  are  used  as  the  combustible, 
although  it  is  also  possible  to  use  petroleum  products  for  this  pur¬ 
pose.  In  order  to  start  engines  using  these  propellants,  the  propellant 
is  forcibly  Ignited  by  means  of  a  pyrotechnical  charge  or  a  starting 
nozzle. 

In  fuels  based  upon  nitric  acid  and  hydrogen  peroxide,  the  com¬ 
bustibles  employed  are  amines,  aromatic  and  unsaturated  oxy  compounds 
that  form  hypergollc  combinations  with  these  reagents. 

Liquid  monopropellants  differ  from  separately  supplied  fuels  in 
that  the  oxidizer  and  combustible  are  stored  In  a  single  tank,  and 
supplied  together  to  the  combustion  chamber.  These  propellants  have  an 
advantage  In  that  there  is  no  need  to  use  two  tanks,  which  results  in 
an  engine  structural  simplification.  In  addition,  the  propellant  is 
supplied  to  the  combustion  chamber  in  ready-mixed  form  which  improves 
combustion  conditions. 

t 

Monopropellants  mainly  consist  of  liquid  mixtures  of  oxidizers 
and  combustibles  or  individual  liquid  explosives.  This  form  of  propel¬ 
lant,  however,  is  far  from  having  a  secure  position  in  rocket  tech¬ 
nology  owing  to  the  fact  that  such  propellants  are  very  explosive  sys¬ 
tems.  In  this  connection,  combustion  or  explosive  decomposition  in  the 
combustion  chamber  of  a  reaction  motor  may  penetrate  to  the  propellant 
tank  through  piping  (or  the  air)  and  end  in  an  explosion.  At  the  pres¬ 
ent  time,  only  low-efficiency  monopropellants  having  a  low  heat  of  com- 
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bustion  are  used,  since  these  systems  are  not  very  liable  to  explosion 

[9]. 

Monopropellants  are  systems  potentially  able  to  decompose  explo¬ 
sively  and  thus  they  differ  chemically  from  separately  supplied  fuels. 

Fuels  for  liquid  reaction  engines  are  chosen  with  an  eye  to  cer¬ 
tain  energy,  physicochemical,  and  operational  properties. 

Let  us  consider  the  basic  specifications  applicable  to  fuels. 

1.  Fuels  should  have  high  heating  yields,  evolve  large  quantities 
of  gases  with  optimum  physical  properties  of  the  combustion  products 
so  that  the  combination  of  these  quantities  will  produce  the  maximum 
combust ion -product  exhaust  velocity.  Each  of  these  characteristics 
taken  separately  in  isolation  from  the  remaining  characteristics  can¬ 
not  characterize  fuel  quality  with  sufficient  accuracy  or  completeness 

2.  A  fuel  should  also  possess  the  greatest  possible  specific  grav 
ity;  in  combination  with  other  properties,  this  should  provide  maximum 
speed  and  range  for  the  rocket. 

3.  The  propellant  components  should  be  good  coolants,  since  in 
the  majority  of  cases  they  will  be  used  at  the  same  time  to  cool  the 
motor  walls.  In  this  case,  the  propellant  should  have  sufficiently 
high  heat  capacity,  thermal  conductivity,  and  in  many  cases,  a  high 
latent  heat  of  vaporization  if  the  propellant  components  are  to  be 
utilized  to  cool  the  inside  walls  of  the  motor. 

4.  The  propellant  should  ignite  easily  and  surely  in  the  combus¬ 
tion  cnamber  from  a  special  primer  or  upon  contact  of  the  oxidizer 
with  the  combustible. 

5.  Hypergolic  fuels  are  subject  to  the  requirement  that  the  igni¬ 
tion  lag  should  if  at  all  possible  not  exceed  0.02-0.03  sec.  Here  it 
is  desirable  that  ignition  should  not  be  of  explosive  nature,  and  that 
the  pressure  developing  upon  ignition  of  the  propellant  does  not  con- 
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siderably  exceed  that  at  which  the  basic  combustion  process  occurs. 

6.  Mixed  propellants  should  as  far  as  possible  possess  high  burn¬ 
ing  rates,  since  the  propellant  does  not  stay  in  the  engine  very  long, 

and  thus  combustion  should  be  stable. 

7.  The  propellants  should  possess  adequate  chemical  and  physical 
stability,  so  as  to  permit  extended  storage.  Ihis  requirement,  however, 
does  not  exclude  the  use  of  chemically  unstable  substances,  if  methods 
are  found  to  stabilize  them,  or  of  physically  unstable  oxidizers  such 
as  liquid  oxygen. 

8.  As  far  as  possible,  a  propellant  should  not  corrode  standard 
structural  materials  (steel,  etc.).  Where  this  is  not  the  case,  special 
structural  materials  must  be  used  for  the  rocket  motors:  aluminum  or 
stainless  steel.  This  requirement,  however,  does  not  exclude  the  pres¬ 
ent-day  use  of  such  oxidizers  as  concentrated  nitric  acid  and  hydrogen 
peroxide,  which  require  special  materials  for  storage. 

9.  A  propellant  and  propellant  components  for  rocket  motors  should 
have  low  pour  points  (—40°,  and  in  some  cases  — 60  ),  to  prevent  their 
solidification  when  the  motor  operates  in  the  upper  atmosphere  (jet 
aviation  with  ZhRD)  or  upon  storage  during  the  winter.  At  the  same 
time  it  is  desirable  that  propellant  components  not  boil  at  tempera¬ 
tures  below  80-100°,  so  as  to  eliminate  the  need  for  special  measures 
to  prevent  evaporation  of  these  materials  during  storage.  All  of  this, 
however,  does  not  prevent  the  utilization  in  special  cases  of  materials 
freezing  at  higher  temperatures  or  boiling  at  lower  temperatures. 

10.  Propellants  and  propellant  components  for  rocket  motors  should 
as  far  as  possible  not  be  highly  toxic,  a  condition  which  complicates 
handling  of  the  propellants. 

11.  Mixed-propellant  components  and  propellants  should  as  far  as 
possible  have  low  surface  tension' and  low  true  viscosity,  guaranteeing 
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their  pumpability  and  good  dispersion  in  the  motor  combustion  chamber. 

12.  Propellants  should  not  present  danger  of  explosion  during 
storage,  and  should  not  explode  in  the  rocket  motor  under  normal  opera¬ 
tion. 

13.  The  raw-material  and  industrial  base  should  provide  for  the 
manufacture  of  propellants  for  rocket  motors.  Speaking  plainly,  rocket 
propellants  should  be  plentiful  and  cheap. 

This  entire  set  of  specifications  given  above  should  not  be  con¬ 
sidered  as  a  law  from  which  no  deviations  should  be  made.  In  individual 
cases,  good  propellant  qualities,  availability,  or  other  special  char¬ 
acteristics  may  make  it  desirable  to  use  a  given  propellant  although 
it  may  possess  several  undesirable  properties.  In  other  cases,  although 
a  propellant  may  have  excellent  energy  characteristics,  it  may  prove 
to  be  unfeasible  owing  to  unfavorable  operating  qualities. 

3.  The  Concept  of  Determining  the  Stoichiometric  Composition,  Density, 
Specific  Volume  of  Combustion  Products,  and  Heating  Value  of  a~ 
Propellant  ~ 

For  a  preliminary  characterization  of  a  propellant,  it  is  neces¬ 
sary  to  determine  the  stoichiometric  composition  of  the  propellant  mix¬ 
ture  and  the  composition  of  the  combustion  products,  the  propellant 
density,  the  specific  volume  of  the  combustion  products,  the  propellant 
heating  value,  and  to  estimate  the  combustion-product  exhaust  velocity. 
The  full  calculation  for  ZhRD  propellants  is  given  in  the  book  of  M. I. 
Shevelyuk  [10]. 

a)  Determining  the  stoichiometric  composition  of  a  propellant 

As  an  example,  let  us  examine  propellant  mixtures  consisting  of 
cyclohexane,  alcohol,  and  oxygen. 

Complete  combustion  of  these  propellants  takes  place  according  to 
the  equations: 

QHi2  -r  90,  6C02  +  6IT0O; 
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CjHjOM  +  30.  ->  2C0,  -!-  3H.0. 


The  stoichiometric  composition  of  a  propellant  mixture  is  found 
as  the  quotient  resulting  from  division  of  the  molecular  weight  of 
each  component  multiplied  by  the  number  of  moles,  by  the  total  molecu¬ 
lar  weight  of  the  propellant  mixture: 

=  mc.h„  -V  9A*0|  ' 100  =  w  —  o  x  ' 100  ~  22.°%! 

°3  =  sTTirlin ' 100  =  7S%‘ 


For  an  alcohol-oxygen  propellant,  the  calculation  yields  the  fol¬ 
lowing  composition:  Og  -  67.6#  and  CgH^OH  -  32.4$. 

Less  oxygen  is  required  to  burn  alcohol,  since  the  molecule  is 
already  partially  oxidized. 

In  general  form,  the  combustion  reaction  may  be  written  as  fol¬ 
lows*: 


Col  UN.0, 4-  (2 a  -i-  f  -  c)  X  0  ~>  a  CO,  4-  y  1 1:0  +  y  N„ 


where  a,  b,  c,  and  d  are  the  number  of  corresponding  atoms  in  the 
molecule. 


The  complete  combustion  reaction  equation  for  cyclohexane  and 


nitric  acid  is  found  from  the  stoichiometric  equation: 

C,H,.  +  7,2  UNO,— >  G.CO:  4- -9,61 1,0  4-  3,6 N,. 


The  propellant  composition  is: 


QHn  = 
.UNO,  — 


. — *1 — --  .  100  -  15,7%; 

84  I X  (>•! 

7AJj.7'2-X  ™  .  100  =  84,3%. 
84  —  /  ,2  y  0 <j 


The  stoichiometric  composition  is  not  optimal  since  a  combustion 
process  in  liquid  reaction  engines  normally  takes  place  with  a  nega¬ 
tive  oxygen  balance,  i.e.,  with  an  excess  of  combustible  (a  =  0.80-0.90), 
which  results  in  maximum  exhaust  velocity  and  specific  thrust. 


*6  =  b,  $  =  c,  Z  =  d. 
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b)  Density  of  propellant  mixture 

The  density  of  a  propellant  mixture  is  an  important  characteris¬ 
tic,  since  it  is  this  factor  that  determines  the  supply  of  propellant 
in  the  tanks.  It  must  be  kept  in  mind,  however,  that  in  rocket  motors 
the  propellant  components  -  oxidizer  and  combustible  -  are  located  in 
separate  tanks,  and  thus  in  this  case,  we  arbitrarily  define  the  pro¬ 
pellant-mixture  density  as  the  value  that  would  be  obtained  if  the  ox¬ 
idizer  and  combustible  were  mixed  in  one  tank. 

The  density  of  a  multicomponent  propellant  is  found  by  dividing 
the  total  molecular  weight  of  the  propellant-mixture  components  by 
their  total  specific  volume: 


P  = 


~  nsM.  -j-  ...  nmM„ 


fiiMt  n-sM* 

pi  Pi 


where  n  is  the  number  of  moles  of  the  substances  making  up  the  propel¬ 
lant  mixture;  M  is  the  molecular  weight  of  the  propellant  components; 
p  is  the  density  of  the  propellant  components. 

Let  us  find  the  density  of  the  two  propellants  given  above:  cyclo 
hexane-oxygen  and  cyclohexane -nitric  acid: 

1  X  S'l  -t-  0  X  32  „ 

For  the  cyclohexane -oxygen  mixture,  P  =  Tx'm"  ~u'xk  ” 


0,7iM 


1.14 


For  the  cyclohexane -nitric  acid  mixture,  n  1  x  84  7-2  *  a.L^  1.32. 

P"  iXM  7,2  X  i>3 

0.7034“  ''  1,5120 

High  density  is  a  factor  that  is  favorable  in  propellant  mixtures 
since  more  heavy  fuel  than  light  fuel  can  be  stored  in  the  tanks  of  a 
rocket  motor,  all  other  properties  remaining  the  same. 
c)  Specific  volume  of  gaseous  combustion  products 

The  gaseous  products  which  form  upon  combustion  of  a  propellant 
mixture  in  the  combustion  chamber  form  the  working  fluid  which  used  to 
convert  the  thermal  energy  of  the  propellant  into  the  kinetic  energy 
of  the  gases  exiting  at  high  velocity  frpm  the  motor  nozzle,  and  creat 
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ing  the  thrust. 

The  most  efficient  fuel,  if  it  does  not  form  gases,  will  create 
no  thrust  whatsoever  upon  combustion  in  the.  motor. 

The  "specific  gas  evolution"  is  used  to  characterize  the  gas¬ 
forming  ability;  this  term  is  defined  as  the  amount  of  gaseous  products 
forming  upon  combustion  of  1  kg  of  propellant,  adjusted  for  normal  con¬ 
ditions,  i.e.,  0°  and  a  pressure  of  760  mm  Hg.  The  specific  volume  is 
computed  by  multiplying  the  volume  occupied  by  a  gram-molecule  (under 
normal  conditions,  22.41  liters)  by  the  number  of  moles  forming,  and 
dividing  by  the  total  molecular  weight  of  the  propellant  mixture: 


22,4  «•  +  ••• 

=  nn/M»  +  ~  mm  A!m  * l000, 

where  vQ  is  the  specific  volume  of  gaseous  combustion  products;  n  is 
the  number  of  gram-molecules  forming  upon  combustion  of  the  propellant; 
m  is  the  number  of  moles  in  the  propellant-mixture  components;  the  M 
are  the  molecular  weights  of  the  components. 

Let  us  examine  the  specific  volume  of  the  combustion  products 
formed  from  the  propellants  considered  above. 

For  a  mixture  of  cyclohexane  and  oxygen 


22.4  (f>  (',) 

~~  m  -i-  a  x  ;:'i 


1000  =  722  liters/kg. 


For  a  mixture  of  cyclohexane  and  nitric  acid 


yo 


22/i  (C  -j-  9,f.  3,0) 

S4  -r  7,3  X  03 


•  1000  =  794  liters/kg. 


d)  Heating  yield  of  propellant 

The  heating  yield  of  a  propellant  (H)  is  one  of  the  most  important 
characteristics  of  a  propellant;  upon  it  depends  the  thrust  developed 
by  the  motor,  since  reaction  motors  operate  on  the  principle  of  con¬ 
verting  the  thermal  energy  of  the  propellant  into  the  kinetic  energy 
of  the  combustion  products  formed  upon  combustion,  which  are  in  the 
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gaseous  state.  The  heating  yield  is  associated  with  the  chemical  com¬ 
position  of  the  propellant.  The  heating  yield  is  the  name  given  to  the 
amount  of  heat  liberated  by  a  rocket  propellant  upon  combustion  of  1  kg 
of  propellant  mixture,  i.e.,  mixture  of  oxidizer  and  combustible. 

The  heating  yield  Is  a  true  physical  characteristic  of  a  propel¬ 
lant  where  its  absolute  value  depends  solely  upon  propellant  composi¬ 
tion,  and  not  upon  the  combustion  conditions. 

A  propellant's  upper-limit  heat  yield  is  a  scientific  and  engi¬ 
neering  standard  quantity]  it  corresponds  to  the  condition  in  which 
all  of  the  water  vapor  in  the  combustion  products  and  residual  prod¬ 
ucts  are  cooled  to  18°.  Under  actual  combustion  conditions  in  a  motor, 
the  water  formed  escapes  in  the  form  of  vapors. 

In  order  to  approximate  to  practical  conditions,  the  heating 
yield  is  found  under  conditions  in  which  the  water  vapor  remains  in 
the  gaseous  state,  and  it  is  assumed  that  the  reaction  products  are 
cooled  to  the  standard  temperature  of  +18°.  When  certain  types  of 
rocket  propellants  are  burned,  oxides  and  fluorides  of  metals  and  non- 
metals  may  form  (for  example,  BgO^,  AlgO^,  A1F3^  re£luirinS  large  ex¬ 
penditures  of  heat  for  vaporization,  and  thus  in  talking  of  the  lower 
heating  yield  of  jet  fuels,  whose  combustion  products  contain  high- 
boiling  substances,  we  have  in  mind  conditions  under  which  the  high- 
boiling  reaction  products  are  in  the  vapor  state. 

A  calculation  of  the  heating  yield  of  a  rocket  propellant  is  car¬ 
ried  out  on  the  basis  of  the  well-known  Hess  thermodynamic  law  accord¬ 
ing  to  which  the  amount  of  heat  evolved  or  absorbed  during  chemical 
processes  depends  solely  upon  the  Initial  and  final  states  of  the  sys¬ 
tem  of  bodies  participating  in  these  processes. 

In  thermochemistry,  we  mean  by  the  initial  and  final  states  of 
the  system  of  bodies  participating  in  a  reaction,  the  sum  of  the  heats 


of  formation  of  the  substances  taken  for  the  reaction  and  obtained  af¬ 
ter  the  combustion  reaction. 

Consequently,  in  order  to  carry  out  thermal  calculations,  it  is 
necessary  to  know  the  heats  of  formation  of  the  substances  taken  for 
the  reaction  and  forming  after  the  reaction,  as  well  as  the  total 
molecular  weight  of  the  propellant  mixture. 

The  calculation  is  carried  out  in  accordance  with  the  formula 

u  •  (”Wi  +  +  .  ■  •  V»)  -  ("W|  -f  "ttfr  +  ■ . .  mmqm)  ■ 

where  H  is  the  heating  yield  (kcal/kg);  m  is  the  number  of  molecules 
of  substances  entering  into  the  mixture;  the  M  are  the  molecular 
weights  of  the  substances  taken  up;  n  is  the  number  of  molecules  of 
the  substances  forming;  the  are  the  heats  of  formation  of  the  sub¬ 
stances  forming;  the  q'  are  the  heats  of  formation  of  the  substances 
taken  up. 

Let  us  examine  the  heating  yield  of  a  propellant  consisting  of  a 
stoichiometric  amount  of  cyclohexane  and  liquid  oxygen,  and  burning  in 
accordance  with  the  reaction 


QHu  +  90,  -*  6C0,  +  6H,0. 

The  heat  of  formation  of  °6H12  is  40.26  kcal/mole.  The  latent 
heat  of  vaporization  for  liquid  oxygen  is  1.632  kcal/mole,  the  heat 
capacity  is  6.9  cal/mole* degree.  Hence  the  heat  of  vaporization  for 
liquid  oxygen,  allowing  for  heating  from  the  boiling  point  of  -182  to 
+18°  is: 


/  ?=  1,632  +  0,0068-200  =  3,01  kcal/mole. 

The  heat  of  formation  of  C02  is  94.05  kcal/mole  and  for  H20  (in 
the  vapor  state)  57.8  kcal/mole. 


// 


(6x94 ,05+6  x  57,8)  -  (40,20x1  +  3,01  X  9)  w 
84  +  9X32  X 


1000=  2270  kcal/kg. 


Aluminum  burns  in  oxygen  according  to  the  reaction: 
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of  formation  of  the  substances  taken  for  the  reaction  and  obtained  af¬ 
ter  the  combustion  reaction. 

Consequently,  in  order  to  carry  out  thermal  calculations,  it  is 
necessary  to  know  the  heats  of  formation  of  the  substances  taken  for 
the  reaction  and  forming  after  the  reaction,  as  well  as  the  total 
molecular  weight  of  the  propellant  mixture. 

The  calculation  is  carried  out  in  accordance  with  the  formula 

u  •(/l|ft  +  "aft  +  •••  y«)  -  ("W|  •  •  •  mmqm)  • 

+  * 

* 

where  H  is  the  heating  yield  (kcal/kg);  m  is  the  number  of  molecules 
of  substances  entering  into  the  mixture;  the  M  are  the  molecular 
weights  of  the  substances  taken  up;  n  is  the  number  of  molecules  of 
the  substances  forming;  the  3  are  the  heats  of  formation  of  the  sub¬ 
stances  forming;  the  q'  are  the  heats  of  formation  of  the  substances 
taken  up. 

Let  us  examine  the  heating  yield  of  a  propellant  consisting  of  a 
stoichiometric  amount  of  cyclohexane  and  liquid  oxygen,  and  burning  in 
accordance  with  the  reaction 

QHj,  +  90,  — *■  6CO,  +  CIIjO. 

The  heat  of  formation  of  C6H12  is  40.26  kcal/mole.  The  latent 
heat  of  vaporization  for  liquid  oxygen  is  1.632  kcal/mole,  the  heat 
capacity  is  6.9  cal/mole* degree.  Hence  the  heat  of  vaporization  for 
liquid  oxygen,  allowing  for  heating  from  the  boiling  point  of  -182  to 
+18°  is: 

i  1,632  +  0,0060-200  =  3,01  kcal/mole. 

The  heat  of  formation  of  C02  is  94.05  kcal/mole  and  for  H20  (in 
the  vapor  state)  57.8  kcal/mole. 

U  =  — - +fl x 5^V~9 ^  f  x  1  +  3'°i x  9)  x  1000  =  2270  kcal/kg. 

Aluminum  burns  in  oxygen  according  to  the  reaction: 
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2AI  -r  I'/jOj  -« Ala03  +  402  kcal. 

The  upper-limit  heat  yield  of  this  propellant  is 

II  =  .  1000=  3940  kcal/kg. 

The  lower-limit  yield  will  be  obtained  if  we  make  a  correction 
for  the  latent  heat  of  fusion  and  vaporization  of  aluminum  oxide. 
Aluminum  oxide  melts  at  a  temperature  of  2050°  and  bolls  at  2980°;  the 
latent  heat  of  fusion  is  8.2  kcal/mole  and  the  latent  heat  of  vaporiza¬ 
tion  is  171.1  kcal/mole,  so  that  the  lower-limit  heat  yield,  i.e. ,  the 
heating  yield  where  the  AlgO^  is  in  the  vapor  state,  will  equal: 

Hh  =  /|02~ 1000  =  2220  kcal/kg. 

Knowing  the  heating  yield  of  the  propellant  and  the  composition 
of  the  combustion  products,  it  is  possible  to  make  an  approximate  de¬ 
termination  of  the  combustion-product  exhaust  velocity  and  the  specific 
thrust.  To  do  this,  we  find  the  thermal  efficiency  according  to  the 
combustion-product  composition. 

Thus,  the  heating  yield  of  a  kerosene -nitric  acid  (98$)  propel¬ 
lant  is  1425  kcal/kg,  the  thermal  efficiency  is  O.360  for  a  combustion- 
chamber  pressure  of  20  atm.  Hence  the  exhaust  velocity  and  specific 
impulse  will  equal: 

u  =  91,53-  V 0.1300 •  1425  -  20G0 m/sec; 
p  =  9,33  •  1^0,360- 1425  =  210  sec . 

This  method  for  obtaining  an  estimate  of  specific  thrust  produces 
errors  in  comparison  with  experimental  values  of  about  2.5$,  and  may 
be  employed  for  first  rough  estimates  of  propellant  quality. 

A  calculation  of  propellant  combustion  temperature  is  of  greater 
complexity  than  a  calculation  of  propellant  heating  yield,  since  it  is 
necessary  to  allow  for  the  dissociation  of  the  combustion  products  and 
the  corresponding  changes  in  composition  and  heats  of  formation  of  the 
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combustion  products.  The  combustion  temperature  found  with  no  allowan/be 

for  dissociation  does  not  reflect  the  physical  pattern  of  the  process . 
Detailed  calculations  for  rocket-propellant  combustion  processes 

are  given  in  the  books  of  V. I.  Pedos'yev  and  G.B.  Sinyarev  [9]  and' 

M. I.  Shevelyuk  [10]. 
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Chapter  2 

CHARACTERISTICS  OP  LIQUID-REACTION  ENGINE  FUEL  PROPERTIES 
The  properties  that  rocket  propellants  should  have  are  deter¬ 
mined  by  the  requirements  Imposed  during  development  and  construction 
of  the  rockets.  The  specifications  reduce  to  two  main  requirements: 
for  minimum  Initial  weight,  the  rocket  should  attain  maximum  hori¬ 
zontal  range  or,  with  vertical  launching,  maximum  ascent  altitude, 
as  well  as  maximum  velocity  at  the  end  of  the  powered  segment,  l.e., 
when  all  of  the  propellant  is  burnt  up. 

Methods  for  evaluating  rocket  propellants  follow  from  these 
requirements.  Propellant  quality  may  be  characterized  in  terms  of 
speed,  range,  or  height  of  ascent  of  the  rocket. 

The  maximum  speed  of  a  single-stage  rocket  at  the  end  of  the 
powered  segment  is  determined  from  the  equation  [1] 

v  =  w- In  (1  -f  p.y) ^ 
where  v  Is  the  maximum  rocket  speed;  u  Is  the  combustion-product 
exhaust  velocity;  y  is  a  structural  factor  for  the  rocket  -  the 
ratio  of  the  tank  volume  to  the  weight  of  the  rocket  without  pro¬ 
pellant;  g  Is  the  mean  gravitational  acceleration;  r  Is  the  flight 
time  for  the  powered  segment;  p  Is  the  propellant  density. 

The  combustion-product  exhaust  velocity  Is  found  from  the  formula 

«  =  91,53  KvS,  (p) 

Where  H  Is  the  propellant  heating  value;  Is  the  thermal  efficiency, 
which  depends  upon  the  combustion-product  composition  and  the  pres- 
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sure  in  the  chamber  (more  accurately,  the  degree  of  expansion),  as 
follows  from  the  data  given  below: 


Number  of  atoms 

in  a  molecule  of  p/p q  =  25  p/pQ  =  100 

combustion  products 

2  0.512  0.641 

3  0.369  0.482 

4  0.275  0.369 

5  0.218  0.298 


The  combust ion- product  exhaust  velocity,  calculated  from  Eq.  (2), 
may  differ  from  the  value  obtained  in  practice,  on  the  average,  by 
+  2$.  Thus,  the  theoretical  velocity  may  be  used  as  a  preliminary 
propellant  characteristic  [1]. 

In  order  to  simplify  the  calculations  involved  in  a  comparison 
of  propellant  quality,  the  earth's  gravitational  force  may  be  neglected 
In  this  case,  we  obtain  the  so-called  "ideal"  maximum  rocket  speed: 

.v  —  u  la  (1  +  dmi)\ 
v  '=»  gR y*  In  (1  +  rf»T)- 

The  maximum  speed  of  a  multistage  rocket  having  completely  identi¬ 
cal  stages  will  take  the  form: 

v  =  n ■  u  In  ( i  +d„r), 

where  n  is  the  number  of  stages  (2,  3,  etc.). 

Maximum  rocket  range  is  proportional  to  the  square  of  the  speed. 

Accordfng  to  Zenger's  formula  [2]  it  is  proportional  to  the  third 
power  of  the  combustion-product  exhaust  velocity: 

S—^'U3  lin(i  +  <U))a- 

This  relationship  cannot  be  considered  accurate,  however. 

The  heating  value,  combustion-product  exhaust  velocity,  and 
specific  thrust  are  primary  propellant  characteristics.  Taken  in  a 
specific  mathematical  relationship  with  an  allowance  for  the  specific 
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gravity,  they  may  characterize  propellant  efficiency. 

As  possible  rocket-propellant  combustibles,  we  may  consider 

\ 

those  elements  and  their  compounds  that  in  combination  with  oxidizers 
(oxygen,  fluorine,  etc.)  give  relatively  high  low-limit  heat  yields 
for  the  propellant  mixture  (no  less  than  1500-2000  kcal/kg)  [2-5], 

The  initial  evaluation  of  the  energy  properties  of  proposed  pro¬ 
pellants  is  carried  out  with  no  consideration  of  their  operational 
qualities. 

Table  92  gives  data  on  the  heating  yields  for  several  propellant 
TABLE  92 

Heating  Yield  and  Calculated  Specific  Impulse  for  Pro¬ 
pellants  Based  upon  Oxygen  and  Several  Simple  Com¬ 
bustibles.*  [1,  3-5] 
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370 
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216** 

247 

240 
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201 

240 
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= 
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^Hydrocarbon  propellants  using  oxygen  give  a  heat 
value  of  2270  kcal/kg,  and  a  calculated  specific  im¬ 
pulses  of 270  and  310  sec. 

**According  to  recent  data  from  the  foreign  literature 
[5a],  the  specific  impulse  for  the  Li  +  02  system  comes 

to  318  sec,  with  p/p^  =  30.  This  question  should  be 

checked  in  connection  with  the  contradictory  data  on 
the  heats  of  formation  of  gaseous  LigO. 

1)  Element;  2)  oxide;  2)  oxide;  3)  heating  yield,  kcal/kg; 

4)  high;  5)  low;  6)  specific  impulse,  sec;  7)  hydrogen; 

8)  carbon;  9)  lithium;  10)  beryllium;  11)  boron;  12)  alumi¬ 
num;  13)  magnesium;  14)  silicon;  15)  phosphorous;  16)  calcium; 
17)  scandium;  18)  titanium;  19)  vanadium;  20)  zirconium. 
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mixtures  made  up  of  certain  elements  and  oxygen,  and  the  specific 
impulses  that  would  be  obtained  upon  combustion  of  such  a  propellant 
in  a  rocket  motor  at  25  and  100  atm  and  combustion-product  expansion 
to  a  pressure  of  1  atm. 

The  heating  yield  of  propellant  mixtures  based  upon  elements 
and  oxygen  is  found  from  the  heats  of  formation  of  the  corresponding 
oxides,  and  the  lower-limit  heat  yield  by  deducting  the  heat  expended 
upon  vaporization  of  the  oxides. 

Such  elements  as  beryllium  and  magnesium  develop  large  quantities 
of  heat  upon  combustion.  This  amount  of  heat,  however,  is  insuffi¬ 
cient  for  total  vaporization  of  the  combustion  products,  which  should 
form  the  working  fluid  in  the  exhaust  process.  Boron  and  aluminum 
provide  high  heating  values  when  used  in  propellant  mixtures.  In  this 
case,  however,  pentatomic  combustion  products  are  formed;  their 
thermal  efficiency  upon  expulsion  is  low:  T)fc  =  0.22-0.37-  Thus  the 
specific  impulse  does  not  exceed  that  available  from  propellants 

based  upon  hydrocarbons  and  oxygen. 

The  remaining  elements,  not  shown  in  Table  92,  have  poorer 

energy  indices. 

In  addition  to  oxygen,  it  is  theoretically  possible  to  employ 
fluorine  as  an  oxidizer,  since  of  all  the  known  elements  capable  of 
functioning  as  oxidizer,  oxygen  and  fluorine  alone  yield  propellant 
mixtures  with  high  heat  yields. 

The  energy  properties  of  propellant  mixtures  based  upon  several 

elements  and  fluorine  are  shown  in  Table  93- 

Fluorine,  used  as  an  oxidizer  in  conjunction  with  the  majority 
of  elements  (excluding  carbon)  is  able  to  provide  a  propellant  having 
better  indices  than  propellants  using  an  oxygen  oxidizer.  Fluorides 
have  lower  boiling  points  than  oxides,  and  several  of  the  fluorides 
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TABLE  93 

Energy  Indices  for  Propellants  Based  upon  Fluorine  in 
Combination  with  Several  Simple  Combustibles*  [3,  5,  6], 


^Hydrocarbon  fuels  with  fluorine  give  heat  yields 
of  2440  kcal/kg  and  calculated  impulses  of  290  and 
330  sec. 

1)  Element:  2)  fluoride  formulas;  3)  heating  yield,  kcal/kg; 
4)  high;  3)  low;  6)  specific  impulse,  sec;  7)  hydrogen; 

carbon;  9)  lithium;  10)  beryllium;  11)  boron;  12)  alumi¬ 
num;  13)  magnesium;  14)  silicon;  15)  phosphorous;  16)  cal¬ 
cium;  17)  titanium;  18)  zirconium. 


are  gases  under  normal  conditions.  Thus,  there  is  a  decrease  in  the 
Inefficient  expenditure  of  heat  on  vaporization  of  combustion  products, 


and  the  major  portion  of  the  energy  freed  is  converted  into  mechani¬ 


cal  work.  At  the  same  time,  we  should  note  that  despite  its  excellent 
energy  indices  fluorine  has  drawbacks  as  an  oxidizer  that  complicate 
its  application.  The  gravest  of  these  are  high  toxicity  and  low 
boiling  point. 

Table  9^  gives  data  for  the  heat  of  formation  of  oxides  and 
fluorides  in  the  solid  and  gaseous  states.  Figure  125  illustrates 
the  heating  yield  and  specific  thrust  (specific  impulse)  of  propel¬ 
lants  based  upon  several  elements  with  oxygen  and  fluorine,  and  the 
heat  capacity  of  the  combustion  products  for  a  combustion-chamber 
pressure  of  22  atm,  and  expansion  of  the  combustion  products  to 
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TABLE  ?4 

Heats  of  Formation  of  Oxides  and  Fluorides  in  Solid  and 
Gaseous  State  [4]. 
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1)  Element;  2)  formula  of  oxide  or  fluoride;  3)  mole¬ 
cular  weight;  4)  heat  of  formation,  keal/g-mol;  5)  in 
solid  state;  6)  in  gaseous  state;  7)  hydrogen;  8)  lithium 
9)  beryllium;  10)  boron;  11)  aluminum;  12)  magnesium; 

13)  silicon;  14)  phosphorous;  15)  calcium;  16)  carbon; 

17  hydrogen;  18)  lithium;  19)  beryllium;  20)  magnesium; 
2lj  aluminum;  22)  boron;  23)  silicon;  24)  calcium; 

25)  carbon. 


Fig.  125.  Specific  thrust  for  several 
propellants  as  a  function  of  heat  content 
and  heat  capacity  of  combustion  products. 

1)  Specific  thrust,  kg-sec/kg;  2)  heat 
content  of  propellant,  kcal/kg;  3)  specific 
heat  capacity,  cal/mole,0C;  4)  alcohol; 

5)  aniline. 
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1  atm,  from  the  data  of  Pizelli  and  Reyngart  [7]. 

Low  heat  capacity  in  the  combustion  products,  given  equal  heat¬ 
ing  yield,  is  a  condition  favorable  to  the  creation  of  high  specific 
thrust,  since  in  this  case,  the  major  portion  of  the  propellant 
thermal  energy  is  converted  into  mechanical  work. 

TABLE  95 

Efficiency  Characteristics  of  Rocket  Propellants  in  Terms 
of  Maximum  Speed  and  Range  for  Various  Rocket  Structural 
Factors  [6-8]. 
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1)  Rocket  propellant;  2)  specific  gravity;  3)  specific 
impulse  (p/pQ  =  25),  sec;  4)  maximum  speed  (m/sec)  of 

rocket  for  various  rocket  structural  factors;  5)  maximum 
range  for  y  =  9,  km. 


It  should  be  noted  that  the  specific  thrusts  given  for  several 
propellants  by  various  sources  (Tables  92,  93,  and  Fig.  125)  are  of 
the  same  order. 

Table  95  gives  the  efficiency  characteristics  for  rocket  pro¬ 
pellants  in  terms  of  maximum  speed  and  range  for  various  rocket 
structural  factors. 

In  addition  to  the  specific  impulse,  propellant  density,  which 
is  determined  by  the  density  of  its  components,  has  a  considerable 
effect  upon  rocket  speed  and  range. 


"5 


Fig.  126.  Specific  impulse  as 
a  function  of  propellant  sys¬ 
tem.  1)  nitric  acid-aniline; 

2)  nitric  acid-ammonia;  3)  nit¬ 
ric  acid-kerosene;  4)  hydrogen 
peroxide-kerosene;  5)  solid 
propellants;  6)  oxygen-alcohol; 
7 |  hydrogen  peroxide- hydrazine; 
8)  oxygen-kerosene;  9)  oxygen- 
hydrazine;  10)  fluorine- 
ammonia;  11)  fluorine- hydra¬ 
zine;  12)  oxygen- hydrogen; 

13)  fluorine-hydrogen.  A)  sec. 


Thus,  the  density  of  liquid 
oxygen  at  the  boiling  point  is  1.14, 
and  that  of  liquid  fluorine,  1.51. 
This  in  part  accounts  for  the  fact 
that  fluorine  is  a  more  efficient 
oxidizer  than  oxygen. 

The  utilization  of  oxygen  as  an 
oxidizer  for  propellant  mixtures  con¬ 
taining  Al,  Mg,  and  even  B  is  un¬ 
favorable  in  comparison  with  propel¬ 
lants  based  upon  oxygen  and  hydro¬ 
carbons  . 

The  utilization  of  fluorine  as 
an  oxidizer  may  make  it  desirable  to 
use  boron  and  beryllium  [9,  10], 

Since  it  is  difficult  to  supply 
solid  combustibles  to  ZhRD,  it  has 
been  proposed  that  they  be  used  in 


the  form  of  suspensions  in  hydrocarbons  or  liquid  inorganic  compounds 
of  boron  with  hydrogen  (B^H^,  B^N^Hg)  and  aluminum  [A^BH^)^];  this 
will  evidently  be  advantageous  only  where  fluorine  is  used  as  the 


oxidizer. 


Of  the  oxidizers  containing  oxygen,  practical  utilization  has 
been  made  of  nitric  acid,  oxides  of  nitrogen,  and  hydrogen  peroxide 
(in  an  auxiliary  role).  The  possible  utilization  of  tetranitromethane 
and  perchloric  acid  has  been  discussed  in  the  literature  [8]  (Table 
96). 

Figure  126  gives  specif ic- impulse  values  for  various  reaction- 
engine  propellants  as  a  function  of  the  propellant  system  used  [13]. 
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Fig.  127.  Specific  impulse  for  propellants  with 
various  oxidizers  and  combustibles.  Along  axis  of 
abscissas:  1)  liquid  hydrogen;  2)  hydrazine; 

3)  unsymmetric  dimethyl hydrazine;  4)  diethylene- 
triamlne;  5)  RP-1  kerosene;  6)  ammonia;  7)  ethanol; 
8)  dlborane;  A)  specific  impulse,  sec. 

TABLE  96 

Characteristics  for  Several  Rocket  Propellants  Using 
Oxygen- Containing  Oxidizers.  [5,  10,  H>  12]  • 


^ )  Toimmo  .  ( 

w 

riflOT- 

IIOCTb 

npomnoAM* 

TCVlMlOCTb, 

KKOA/kA 

yjcfllnn^ 

Mwny/ii.c 

(P/P.-25) 

CCK, 

C  \  CKOpoCfk 

J  /pancru  (*/<■«)  np»  iihackcc 

KOIICTpyKUIIH 

Y-  1 

Y  -  2.07 

Y  «  0 

C^+O, 

1,02 

2270 

270 

1950 

i 

3020 

r.ioo 

C.H.OH  (75$)  +  0Q 

1,02 

1760 

235 

1615 

2100 

5300 

c,h,;  +  hn'o.  2 

1,35 

1450 

216 

1810 

2840 

5000 

CflHIn  +  NA 

1,32 

1725 

240 

1970 

3080 

5440 

CnH,n+C(N01)< 

1,47 

1700 

245 

2180 

33G0 

5840 

c„hm  +  hcio. 

1,50 

1GG0 

231 

2040 

3170 

5500 

+  <*« 

1,3G 

2530 

t 

315 

2G40 

4140 

7200 

l)  Propellant;  2)  density;  3)  heating  yield,  kcal/kg; 
4)  specific  impulse  (p/pQ  =  25),  sec;  5)  maximum 

rocket  speed  (m/sec)  for  structural  factor. 


Figure  127  shows  the  specific  impulse  for  propellants  based 
upon  liquid  oxygen  and  liquid  fluorine,  as  well  as  other  oxidizers 
for  various  combustibles  at  a  pressure  differential  p/pQ  =  67.7. 
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Fig.  128.  Relationship  between  specific 
impulse  and  density  of  propellants  for 
ZhRD.  X)  Fgj  +)  —  02;  OJ  oxides  of  nitro- 

gen-H202;  A)  nitric  acid  with  oxides  of 

nitrogen;  •)  H^Og.  l)  Specific  impulse,  sec; 

specific  gravity  of  propellant. 


Owing  to  the  high  density  of  the  propellant  obtained,  nitric 
acid  has  advantages  in  comparison  with  liquid  oxygen  for  rockets  hav¬ 
ing  small  structural  factors.  It  is  advantageous  to  use  liquid  oxygen 
for  long-range  purposes  where  the  structural  factors  are  considerable 

Figure  128  examines  the  relationship  between  specific  impulse 
and  propellant  density  for  a  chamber  pressure  of  67.7  atm  and  a 
nozzle-exit  pressure  of  1  atm. 

Maximum  specific  impulse  of  390-410  sec  is  obtained  for  propel¬ 
lants  having  low  densities  in  the  0.3-0. 5  range,  since  these  propel¬ 
lants  are  based  upon  liquid  hydrogen  and  liquid  oxygen  and  fluorine. 

The  possibility  of  utilizing  ZhRD  propellants  depends  upon 
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several  operating  properties,  of  which  the  most  Important  are  sta¬ 
bility  and  reliability  of  combustion,  the  possibility  of  starting 
the  motor  with  the  given  propellants,  and  a  secure  propellant  supply 

[14]. 

This  entire  set  of  factors  is  examined  in  the  chapters  to  come 
for  the  basic  forms  of  propellant  which  presently  consist  of  propel¬ 
lants  based  upon  nitric  acid,  oxygen,  and  hydrogen  peroxide. 
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Chapter  3 

THE  ROLE  OF  PHYSICAL-CHEMICAL  PROCESSES  IN  THE  SELF- IGNITION, 
IGNITION,  AND  COMBUSTION  OF  FUELS  IN  ZhRD 

Operating  processes  in  liquid  reaction  engines  are  very  compli¬ 
cated  and,  as  yet,  no  theory  has  been  developed  for  them.  Combustion 
processes  in  engines  consist  of  physical-mechanical  phenomena,  such 
as  dispersion  and  mixture  formation,  and  physical-chemical  phenomena 
related  to  reaction  kinetics. 

We  shall  confine  ourselves  chiefly  to  a  characterization  of  the 
physical-chemical  phenomena. 

1 .  GENERAL  CONCEPTS  OF  THE  ROLE  OF  PHYSICAL- CHEMICAL  FACTORS  IN  FUEL 
IGNITION 

Self- ignition  may  be  considered  to  be  a  process  of  ignition  with¬ 
out  the  participation  of  an  open  flane,  i.e.,  at  temperatures  con¬ 
siderably  lower  than  those  developed  upon  combustion.  In  this  case, 
the  temperature  corresponding  to  the  combustion  process  is  reached 
owing  to  reactions  occurring  prior  to  the  appearance  of  a  flame. 

Autoignition  is  encountered  in  the  working  processes  of  modern 
internal-combustion  engines.  Engines  using  the  Diesel  system  work  on 
the  principle  of  fuel  self- ignition.  In  carburetor-type  engines,  on 
the  other  hand,  self-ignition  disturbs  engine  operation,  and  leads 
to  knocking.  In  thermal- jet  engines,  fuel  self- Ignition  is  an  advan¬ 
tageous  phenomenon,  and  facilitates  stable  operation  of  the  engine. 

In  certain  types  of  liquid  reaction  engines,  a  self-igniting  fuel  is 
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used  to  start  the  engine. 

Auto- ignition  may  be  divided  into  two  types:  "chemical"  and 
"thermal"  self- ignition. 

Chemical  self- ignition  occurs  as  the  result  of  the  vigorous 
chemical  reaction  of  an  active  oxidizer  with  a  reactive  combustible 
(for  example,  amines  with  nitric  acid)  and  develops  at  high  speed. 

The  process  is  initiated  at  the  ambient  temperature  (for  rocket  pro¬ 
pellants,  in  the  +  40°  region). 

Thermal  self- ignition  requires  that  heat  be  supplied  to  develop 
the  rapidly  occurring  preflame  reactions,  and  it  occurs  when  the  sub¬ 
stance  has  been  heated  to  temperatures  of  the  order  of  300-500°.  It 
is  observed  in  systems  of  substances  with  a  relatively  low  reactivity 
(for  example,  petroleum  products  and  nitric  acids,  gaseous  oxygen, 
and  hydrocarbons). 

"Chemical"  and  "thermal"  self- ignition  are  identical  in  their 
physical-chemical  nature  and  differ  only  in  the  temperature  region 
for  which  the  ignition  process  is  initiated. 

Chemical  ignition  is  customarily  characterized  by  the  ignition 
lag  (or  induction  period),  i.e.,  the  time  elapsing  from  the  instant 
that  the  components  of  the  reacting  mixture  come  into  contact  to  the 
time  at  which  the  flame  appears. 

Thermal  self-ignition  is  characterized  by  the  minimum  tempera¬ 
ture  at  which  the  self-ignition  process  develops,  and  also  by  the  in¬ 
duction  period. 

A  theory  of  self- ignition  processes  has  been  developed  by  N.N. 
Semenov,  Ya.B.  Zel'dovich,  O.M.  Todes,  D.A.  Frank-Kamenetskiy,  et  al . 

[1-4]. 

Self- ignition  of  a  system  capable  of  reacting  endothermically 
(for  example,  as  a  result  of  oxidation  reactions),  may  occur  through 


different  mechanisms: 

a)  thermal  mechanisms; 

b)  chain  mechanisms; 

c)  mixed  chain-thermal  mechanisms. 

Let  us  examine  the  essential  nature  of  these  concepts, 
a)  Theory  of  Thermal  Self- Ignition 

The  theory  of  thermal  self-ignition  was  developed  for  reactions 
occurring  in  the  gaseous  phase,  where  it  has  received  good  quantitative 
confirmation.  For  auto- ignition  of  liquid  components,  where  the  reac¬ 
tion  is  initiated  in  the  condensed  phase,  this  theory  can  be  used  only 
for  a  qualitative  description  of  the  process. 

N.N.  Semenov  was  the  first  to  give  a  mathematical  formulation 
for  the  self- ignition  conditions:  self- ignition  is  possible  when  the 
heat  evolved  from  the  preflame  reactions  is  equal  to  or  greater  than 
the  heat  losses  of  the  reacting  system  to  the  ambient  medium. 

Thus,  if  in  the  gaseous  phase  the  reaction  proceeds  at  a  rate 
that  can  be  measured  by  the  number  of  molecules  of  product  appearing 
in  one  sec  in  unit  volume,  the  amount  of  heat  q^j^  liberated  in  the  en¬ 
tire  volume  v  each  second  will  be: 

Q 

<7,  =  Vjw, 

where  Q  is  the  heat  of  the  reaction  developed  upon  formation  of  1  g-mole 
of  product;  N  is  the  Avogadro  number;  w  is  the  reaction  rate. 

The  reaction  rate  in  the  initial  stage  will  equal: 

w  =  kane~e,RT , 

where  a  is  the  concentration  of  the  material;  n  is  the  order  of  the 
reaction;  E  is  the  activation  energy;  T  is  the  temperature;  R  is  the 
gas  constant . 

Then  the  amount  of  heat  developed  by  the  reaction  will  be 

kane~EIRT, 
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or 


4i  =  vAa*e-E,*T . 

On  the  other  hand,  the  amount  of  heat  carried  off  from  the  reac¬ 
tion  volume  through  the  Interface  is,  according  to  the  well-known  heat- 
transfer  law,  equal  to: 

qt  =  #  (74  —  7\) 

where  a  is  the  heat-transfer  coefficient;  Tj  is  the  temperature  of  the 
reacting  substance;  T0  is  the  ambient  temperature;  F  is  the  heat- 
transfer  surface. 

Thus,  the  self- Ignition  conditions  may  be  expressed  mathematically 
as  follows: 

vAa*<r£,RT  >  a(Tl-TJF 

(liberation  of  heat  (loss  of  heat  to 

from  preflame  reaction)  ambient  medium) 

If  the  reaction  takes  place  in  a  spherical  volume,  then  v  = 

=  (4/3)=r3  and  F  =  47rr2,  and  we  may  write: 

rA'anc~mT  >  a  (7\  —  T»). 

When  the  mass  of  the  reactant  increases,  the  volume  rises  in  pro¬ 
portion  to  the  cube  of  the  radius,  while  the  heat-transfer  surface  in¬ 
creases  in  proportion  to  the  square  of  the  radius;  thus,  an  increase 
in  the  volume  of  the  material  creates  conditions  favorable  to  the 

accumulation  of  heat. 

It  follows  from  the  self- ignition  conditions  that  system  self¬ 
ignition  will  occur  at  a  temperature  T  that  is  the  lower  the  higher 
the  initial  temperature,  and  the  higher  the  concentration  of  the  reac¬ 
tant  a  of  the  vapor  pressure  P  (for  reactions  occurring  in  the  gaseous 
phase),  and  the  greater  the  volume  of  the  reactant,  since  the  heat 

losses  to  the  ambient  medium  will  be  less. 

This  may  be  illustrated  by  data  on  the  way  in  which  the  ignitl  n 
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temperature  of  a  gas-mixture  combustible  depends  upon  vessel  dimen¬ 
sions: 

Vessel  volume,  cm3  Juto- ignition  tempera- 

15  730 

225  675 


The  effect  of  pressure  upon  the  auto- ignition  temperature  of 
benzene  vapors  with  air  is  illustrated  by  the  following  data: 


Pressure,  atm 

Auto- ignition  tem¬ 
perature,  °C 

3 

425 

11 

308 

33 

260 

The  auto- ignition  temperature  is  related  to  the  time  given  over 
to  the  selfpropagation  of  a  preflame  reaction. 

Thus,  for  example,  methyl  nitrate  CH^ONOg  at  a  temperature  cf 
269°  has  an  ignition  lag  of  5  sec,  and  at  435°,  has  a  lag  of  1*10“3 
sec . 


A  similar  phenomenon  is  observed  with  mixtures  of  hydrocarbons 
and  air,  as  may  be  seen  from  the  example  of  heptane: 


Auto- ignition  tem¬ 
perature,  °C 

680 

580 

540 


Lag,  sec 

0.003 

0.1 

1.0 


The  over-all  way  in  which  the  auto- ignition  temperature  T  de¬ 
pends  upon  the  auto- ignition  lag  t  may  be  illustrated  graphically 
(Fig.  129). 

Thus,  the  auto- ignition  temperature  of  a  substance  is  not  a 
physical  constant,  but  depends  upon  experimental  conditions  [5]. 

The  more  time  allotted  for  self-propagation  of  the  preflame  reactions, 
the  lower  the  temperature  required  to  initiate  the  process. 

Despite  the  fact  that  the  thermal  theory  of  self- ignition  holds, 
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a  large  number  of  cases  are  encountered  in  practice  that  do  not  fit 
within  its  framework. 

In  many  cases,  the  induction  period  is  connected  not  with  heating 
of  the  mixture,  but  with  the  period  of  time  required  for  isothermal 
selfpropagation  of  the  reaction  owing  to  the  development  and  branching  . 
of  chains  in  the  reacting  substance. 


Pig.  129.  Nature  of  variation 
in  self-ignition  lag  as  a 
function  of  temperature. 

laws  of  a  mono-  and  bimolecular 


b)  Chain  Mechanism  of  Self- Ignition 
The  majority  of  reactions  actu¬ 
ally  occurring  are  accompanied  by  a 
series  of  interconnected  conversions, 
and  thus  take  place  in  accordance 
with  a  more  complicated  law.  The  ele¬ 
mentary  stages  of  a  complex  reaction 
take  place  in  accordance  with  the 
reactions,  while  the  course  of  the 


reaction  as  a  whole  is  governed  by  totally  different  relationships. 

It  was  precisely  in  the  study  of  reactions  not  fitting  within  the 
concept  of  the  classical  course  of  chemical  reactions  that  the  theory 

of  chain  reactions  was  developed. 

According  to  the  theory  of  chain  reactions,  an  excited  molecule 
entering  into  a  chemical  reaction  produces  excited  molecules  that, 
reacting,  in  turn  yield  new  excited  molecules,  etc.  When  an  elemen¬ 
tary  reaction  takes  place  in  a  medium,  an  energy  Q  is  thereupon  liber¬ 
ated,  equal  to  the  heat  of  reaction,  and  an  energy  E  is  absorbed, 
required  for  converting  the  molecules  to  the  active  state.  This  energy 
is  initially  connected  with  the  reaction  products.  Later,  following 
a  series  of  molecular  collisions,  it  may  be  transmitted  to  the  entire 


volume  of  the  reacting  substance.  But  there  may  also  be  a  case  in 
which  this  energy  is  transmitted  by  collision  to  one  or  several  mole- 
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cules,  owing  to  which  one  or  several  active  molecules  appear.  Chain 
branching  then  occurs,  and  there  may  be  more  active  molecules  than 
would  be  expected  from  the  theory  of  distribution  of  active  molecules 
in  the  given  gas  volume  in  accordance  with  classical  notions.  In 
this  case,  the  formation  process  of  active  molecules  may  proceed  so 
vigorously  that  the  rate  of  conversion  of  the  substance  rapidly  reaches 
values  corresponding  to  an  explosion  or  to  Ignition. 


c)  The  Mixed  Chain- Thermal  Self- Ignition  Mechanism 

In  cases  in  which  the  thermal  theory  holds,  but  the  induction 
period  for  self- ignition  is  very  great,  the  development  of  chains 
takes  place  very  slowly.  This  is  explained  by  the  fact  that  compara¬ 
tively  stable  intermediate  reaction  products  are  formed,  which  as 
they  accumulate  react  independently  themselves,  yielding  end  products. 
Prom  time  to  time,  owing  to  the  energy  of  the  secondary  reaction, 
centers  are  created  capable  of  again  initiating  a  primary- react ion 
chain.  Chain  processes  of  these  types  with  delayed  chain  branching 
are  observed  in  solid  and  liquid  explosives  upon  heating  to  compara¬ 
tively  low  temperatures. 

Investigation  of  the  kinetics  of  these  reactions  has  shown  that 
they  occur  autocatalytically,  i.e.,  the  products  forming  as  a  re¬ 
sult  of  the  reaction  accelerate  the  basic  reaction.  The  change  in 
the  rate  of  this  type  of  reaction  with  time  is  represented  by  the 
equation 

W  =*A-* p\ 


where  A  is  a  certain  quantity,  constant  for  the  given  reaction;  t  is 

the  ignition  lag  time;  cp  is  the  reaction  selfpropagation  constant 

i  4-  _n  — E/RT 
equal  to  a  e 

If  the  rate  of  a  chain  reaction  at  some  temperature  that  has  not 
yet  reached  a  certain  maximum  corresponding  to  explosion  exceeds  a 
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( 


certain  critical  value  Wkr,  for  which  the  heat  of  reaction  will  exceed 
the  heat  transferred,  the  thermal  equilibrium  will  be  destroyed,  and 
In  place  of  a  chain  explosion,  we  will  observe  a  thermal  explosion. 

This  situation  may  be  illustrated 
graphically  (Pig.  130). 

For  cases  in  which  the  reaction 
rate  does  not  reach  the  critical  value 
Wkr,  ingition  and  explosion  will  not 
occur. 

Thus,  normal  ignition  or  explosion 

In  reaction  rate  in  time  t  for  a  specific  volume  of  substance 
thermal- chain  ignition. 

occurs  provided  that  first,  specific 
thermal  conditions  and,  second,  specific  conditions  for  chain  develop¬ 
ment  are  observed. 

It  is  clear  that  the  more  the  preflame  reaction  is  exothermal, 
the  sooner  a  thermal  explosion  will  set  in  and,  consequently,  the 
greater  its  role  in  the  self- ignition  process. 

Explosives  or  monopropellants  require  a  rather  long  period  of 
time  to  become  ready  for  self- ignition;  this  time  is  spent  in  the 
development  of  chains  prior  to  the  self-ignition  instant.  For  hyper- 
golic  propellants  In  which  an  oxidizer  reacts  with  the  combustible, 
liberating  a  large  amount  of  heat  at  the  initial  instant,  slow  chain 
development  is  lacking  or  reduced  to  a  minimum,  i.e.,  self-ignition 
occurs  thermally. 


2.  SELF- IGNITION  OF  LIQUID  FUELS 

The  process  of  chemical  self- ignition  of  condensed  systems  begins 
to  develop  in  the  liquid  phase  and  concludes  in  the  gaseous  phase, 
i.e.,  self-ignition  is  preceded  by  evaporation  of  the  substance  owing 
to  exothermal  preflame  reactions  that  are  connected  with  chemical  con- 
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versions  of  the  initial  components.  The  fact  that  self- ignition  is 
concluded  in  the  vapor  phase  follows  from  the  widely  known  fact  that 
combustion  always  occurs  in  the  gaseous  phase  [6],  while  self- igni¬ 
tion  represents  the  initial  phase  of  a  combustion  reaction. 

Self- ignition  of  organic  substances  normally  occurs  at  tempera¬ 
tures  reaching  at  least  several  hundred  degrees  (400-600°),  and  com¬ 
bustion  above  1000°.  At  the  same  time,  evaporation  and  boiling  of 
organic  combustibles  and  oxidizers  begin  at  temperatures  of  100-200°, 
while  thermal  dissociation  commences  at  300-400°.  Thus,  the  physical 
process  of  change  in  the  physical  state  of  such  substances  begins 
earlier  than  does  self- ignition. 

For  hypergolic  rocket  propellants  in  the  liquid  phase,  however, 
preparatory  exothermal  preflame  reactions  occur.  As  a  result  of  these 
reactions,  unstable  intermediate  products  may  form,  and  the  reacting 
mixture  may  begin  heating  to  the  boiling  point  of  100-200°.  These 
reactions  may  limit  the  process  as  a  whole. 

This  follows  from  the  fact  that  hypergolic  propellant  mixtures 
such  as  nitric  acid-trlethylamine  ignite  spontaneously  upon  con¬ 
tact  of  the  liquid  components  even  at  negative  temperatures  (in  the 
sense  that  the  development  of  the  process  commences  at  low  tempera¬ 
tures),  but  they  do  not  ignite  in  the  vapor  state  at  temperatures  of 
100-200°.  Self- ignition  of  the  vapors  commences  only  at  tempera¬ 
tures  above  200°. 

This  phenomenon  is  easily  explained  from  the  point  of  view  of 
thermal  self-ignition.  In  the  vapor  state  the  density  and,  conse¬ 
quently,  the  concentration  of  the  reacting  substances  in  unit  volume 
is  several  hundred  times  less  than  in  a  unit  volume  of  liquid.  Thus 
the  rate  of  initiating  reaction  may  be  thousands  of  times  less  and, 
consequently,  less  heat  is  accumulated.  In  order  to  increase  the 
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Fig.  131.  Increase  in  temperature 
and  reaction  rate  for  hypergolic 
rocket  propellants.  (The  temperature 
and  reaction  rate  are  plotted  on  the 
axis  of  ordinates  and  the  reaction 
time  on  the  axis  of  abscissas). 

reaction  rate,  it  is  necessary  to  raise  the  temperature  above  200°. 

The  fact  that  unstable  intermediate  products  are  evidently  formed 
is  also  supported  by  the  circumstance  that  vapors  of  nitric  acid  and 
trlethyl  amine  do  not  ignite  spontaneously  with  a  noticeable  rate 
at  the  boiling  point,  but  self-ignition  of  these  substances  does  occur 
in  vapors  less  than  0.02  sec  after  they  have  been  mixed  in  the  liquid 
plase . 

In  addition  to  the  chemical  factors  connected  with  the  velocity 
and  exothermal  nature  of  the  preflame  reactions  and  the  physical  con¬ 
ditions  that  determine  the  heat  removal,  the  self- ignition  process 
may  be  conditioned  by  physical-mechanical  factors.  They  include  all 
factors  that  may  affect  the  rate  of  mixing  of  the  reacting  components. 
Among  these  may  be  numbered  the  viscosity  and  surface  tension  of  the 
oxidizer  and  combustible,  as  well  as  the  method  by  which  they  are 
mixed . 

Not  long  ago,  the  following  scheme  was  proposed  for  the  ignition 
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of  hypergolic  rocket  fuels;  It  takes  into  account  the  growth  in  the 
temperature  of  the  reacting  mixture  and  the  corresponding  reaction 
rate  in  time  [1]. 

On  Fig.  131 ,  segment  OA  corresponds  to  the  contact  and  mixing 
time  of  the  propellants.  In  this  region,  the  reaction  is  so  practi¬ 
cally  imperceptible  before  point  A,  and  thus  the  temperature  at 
point  A  is  equivalent  to  the  temperature  TQ. 

The  exothermic  reaction  in  the  liquid  phase  begins  at  point  A, 

and  the  temperature  and  reaction  rate  rise.  Point  B  corresponds  to 

the  auto- ignition  temperature  and  the  reaction  rate  W.  Temperature 

T  and  the  reaction  rate  W,  correspond  to  the  beginning  combustion, 
b  D 

The  total  ignition  lag  t  is  determined  by  the  time  at  which  the 
reaction  begins  (depending  upon  the  rate  01  mixing  of  the  components) 
and  the  auto- ignition  time  tv  (depending  upon  the  rate  and  exothermic 

nature  of  the  reaction  and  the  heat  removal). 

The  total  time  required  for  self- ignition  depends  upon  chemical 
factors,  heat-removal  conditions,  the  physical  properties  of  the 
liquid  components,  and  the  method  of  mixing.  The  role  of  all  of  these 
factors  is  not  always  the  same.  Thus,  the  greater  the  speed  of  the 
endothermal  preflame  reactions  or,  in  other  words,  the  more  active 
the  propellant,  the  less  important  the  role  played  by  the  physical 
factors . 

3.  IGNITION  BY  OPEN  FLAME 

In  contrast  to  self- ignition,  which  occurs  at  relatively  low 
temperatures  and  which  is  associated  with  the  accumulation  of  heat 
from  preflame  reactions  or  active  centers,  another  mechanism  is  in- 
volved  in  the  ignition  of  the  combustible  in  a  gas  mixture  in  a  motor 
by  means  of  an  open  flame  at  a  temperature  of  the  order  of  1500- 
3000°. 
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In  this  case,  the  ignition  mechanism  approaches  the  conditions 
observed  upon  establishment  of  a  combustion  process.  If  with  self¬ 
ignition,  heating  of  the  substance  as  a  result  of  the  preflame  reac¬ 
tions  proceeds  slowly,  upon  ignition  by  an  open  flame,  the  heat  flow 
from  neighboring  layers  causes  a  rapid  increase  in  temperature;  thus, 
active  centers  diffuse  from  adjacent  layers. 

Since  ignition  of  liquid  substances  is  preceded  by  preliminary 
evaporation,  their  ignition  by  an  open  flame  amounts  to  heating  the 
surface  to  a  temperature  at  which  rapid  evaporation  or  boiling  will 
occur,  to  mixture  formation,  and  to  ignition  of  the  resultant  vapor 
products . 

If,  however,  the  substance  is  so  volatile  that  there  is  a  ready¬ 
made  combustible  vapor-air  mixture  above  its  surface,  capable  of 
igniting,  the  ignition  conditions  reduce  to  those  for  the  ignition 
of  normal  gas  mixtures. 

Upon  injection  of  the  oxidizer  and  combustible  into  the  combus¬ 
tion  chamber,  the  vaporization  of  individual  drops  represents  a  very 
slow  stage  in  the  process  in  comparison  with  the  ignition  of  the 
vapors.  In  this  case,  ignition  of  the  components  by  an  open  flame 
will  be  governed  by  the  heat- supply  and  drop- heating  conditions;  the 
rate  of  drop  heating  will  depend  upon  their  dimensions. 

It  follows  from  what  has  been  said  that  the  degree  of  dispersion 
is  of  great  importance;  this  in  turn  depends  upon  the  propellant 
supply  pressure,  and  upon  nozzle  design. 

4.  THE  EFFECT  OF  THE  CHEMICAL  NATURE  OF  A  PROPELLANT  UPON  THE  OPERAT¬ 
ING  STABILITY  OF  LIQUID  REACTION  MOTORS 

Pressure  fluctuations  (up  to  50 fo  or  more)  at  a  frequency  of  10- 
5000  sec- ^  may  be  observed  upon  combustion  of  fuel  in  the  chambers 
of  liquid-fuel  rocket  engines. 
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Fluctuations  at  a  frequency  of  the  order  of  220-360  sec-^-  are 
classified  as  low-frequency  oscillations,  and  are  accompanied  by  a 
change  in  pressure  and  radiation. 

Oscillations  at  a  frequency  of  600-1500  sec  ^  are  called  high- 
frequency  oscillations  [8],  They  are  accompanied  by  propagation  of 
compression  waves  along  the  axis  of  the  motor.  These  oscillations  may 
reach  such  values  that  the  motor  is  in  danger  of  destruction. 

The  appearance  of  unstable  pulsation  combustion  is  observed  to 
a  large  extent  in  low-activity  diergolic  propellants,  where  it  may  not 
appear  at  once,  but  after  several  seconds  of  motor  operation.  Pulsa¬ 
tion  combustion,  however,  can  also  occur  with  hypergolic  propellants. 

The  appearance  of  pulsation  combustion  will  disturb  the  supply 
of  propellants;  fuel  delivery  will  be  uneven,  and  will  vary  in  tjme 
between  a  maximum  and  a  minimum  value,  depending  upon  the  combustion- 
chamber  pressure  fluctuations  and  the  drop  at  the  nozzles,  which  is  in 
turn  associated  with  the  amount  of  propellant  arriving.  The  magnitude 
of  these  oscillations  depends  upon  the  physical- chemical  properties 
of  the  propellant  and  the  hydraulic  supply  system,  dispersion,  and 
mixture  formation  for  the  propellant  components. 

In  1951,  Summerfield  [9 J ,  analyzing  unstable  combustion  in  ZhRD, 
advanced  the  idea  that  the  appearance  of  oscillations  upon  unstable 
combustion  is  explained  not  only  by  physical-mechanical  factors,  but 
also  by  the  existence  of  the  induction  period,  i.e.,  a  certain  time 
interval  t  between  a  variation  in  the  propellant  supply  and  the  subse¬ 
quent  change  in  pressure  in  the  chamber  resulting  from  combustion  of 
the  propellant.  The  length  of  the  induction  period  depends  upon 
physical  processes  (dispersion,  mixing,  vaporization)  and  upon  the 
cnemical  .reaction  of  the  components.  With  a  decrease  in  the  period  of 
induction,  the  possibility  of  an  unstable  combustion  regime  appearing 
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is  reduced. 


The  time  interval  from  the  appearance  of  the  propellant  in  the 
motor  to  the  formation  of  the  end  products  of  combustion  may  be  repre¬ 
sented  as  consisting  of  the  following  stages  [10,  11]: 


Atomization  of  the  • 
propellant  t. 

Heating  of  the 

liquid  drops  Tp 
Vaporization  of  the 
drops  t. 

Heating  of  the  sub-  ^ 
stance  to  the 
temperature  at 
which  a  reaction 
becomes  notice¬ 
able  (for  diergolic 
substances) 


Time  expended  on 
physical  processes 


l  Induction 
f period 


Reaction  occurring 
with  the  forma¬ 
tion  of  inter¬ 
mediate  pro 

dUCtS  Tr- 

b 


*\ 


l  Time  expended  on 
f  chemical  processes 


Reaction  with  the  j 

formation  of  1 

end  products  Tg  J 


J 


A  reaction  accompanied  by  the  formation  of  Intermediate  products 


is  of  great  significance  in  the  combustion  process. 


It  determines  the  propellant  ignition  lag.  The  end-product  forma¬ 
tion  reaction  (from  the  instant  of  spontaneous  ignition  to  conversion 
of  the  propellant  into  HpO,  C0o,  CO,  and  Np)  characterizes  the  com¬ 
bustion  rate. 


Thus,  the  induction  period,  depending  upon  the  chemical  processes, 
consists  of  the  ignition  lag  and  the  time  required  for  combustion 

t6' 


The  quantity  Tg  is  determined  by  the  combustion  rate: 

where  v  is  the  speed  of  the  combustion  process  (g/sec);  g  is  the 
amount  of  fuel  supplied  in  1  sec.  Thus,  the  induction  period  in  the 
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motor  is  represented  by  the  sum 


T  2  T‘-‘  +  T»  ^  ‘  o' 


where  2 ^  ^  is  the  fraction  of  the  induction  period  allotted  to 
physical-mechanical  factors. 

The  combust ion- chamber  dimensions  should  be  such  that  mixing 
and  chemical  reaction  can  be  concluded  prior  to  arrival  at  the  motor 
nozzle.  The  chamber  dimensions  necessary  are  determined  by  the  value 
t'  for  the  time  spent  by  the  propellant  and  its  combustion  products 
in  the  chamber.  This  dwell  time  is  found  from  the  combust ion- product 
volume  at  the  combustion  temperature  Tk,  the  motor  pressure  P,  the 
combustion-chamber  volume  Vk,  the  relationships  PV  =  RT  and  the 
amount  of  propellant  burnt  in  1  sec: 


V 


l  V  p 
T  ,'~RTr> 


where  R  is  the  gas  constant;  t'  Is  the  "conversion  time";  r'  is  to 
some  degree  a  measure  of  the  actual  time  spent  by  the  fuel  and  its 
combustion  products  in  the  chamber. 

It  should  be  kept  in  mind,  however,  that  the  propellant  volume 
Increases  as  it  burns  in  the  chamber  from  a  very  small  liquid  volume 
to  a  value  Vk,  and  the  dwell  time  is  computed  from  this  large  volume. 

In  existing  motors,  the  time  spent  in  the  chamber  by  the  pro¬ 
pellant  is  of  the  order  of  0.003-0.008  sec  [8].  With  an  Increase  in 
pressure,  the  time  spent  in  the  chamber  rises,  and  thus  the  chamber 
may  be  smaller  for  the  same  propellant  flow  rate. 

On  the  basis  of  a  mathematical  analysis,  Summerfield  formulated  a 
theory  according  to  which  operating  stability  can  be  provided  for  the 
engine  system  of  a  ZhRD: 

a)  by  increasing  the  pressure  differential  between  tank  and 
chamber; 
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b)  by  increasing  the  characteristic  length  (volume)  of  the  com¬ 
bustion  chamber; 

c)  by  decreasing  the  cross  section  of  ducts  or  increasing  the 
mass  flow  rate  in  them; 

d)  by  decreasing  the  induction  period,  i.e.,  the  time  from  the 
instant  of  fuel  injection  to  the  creation  of  pressure  as  a  result  of 
combustion. 

This  last  may  be  accomplished  by  an  appropriate  choice  of  pro¬ 
pellants  having  a  small  ignition  lag  and  a  rapid  combustion  rate. 

On  the  basis  of  the  theory  developed,  the  following  equation 
was  proposed  for  evaluating  combustion  stability  parameters  in  ZhRD 

[9]s 

VT  +  TTfT2—  >T’ 

where  1  is  the  length  of  the  duct  between  the  tank  and  combustion 

chamber;  m  is  the  propellant  mass  flow  rate;  A  is  the  flow  cross 

section;  Cx  is  the  characteristic  velocity;  Tc  is  the  combustion 

temperature;  p  is  the  pressure  in  the  tank;  pc  is  the  pressure  in 

the  motor;  T  is  the  induction  period  in  the  ZhRD;  L  is  the  char¬ 
acteristic  length  of  the  motor.  It  is  the  criterion  determining  com- 
bustion- chamber  volume.  L  equals: 


where  is  the  combustion- chamber  volume;  A  is  the  area  of  the  nozzle 
critical  section.  In  Summerfield ' s  opinion,  the  induction  period  in 

ZhRD  amounts  to  0.005  to  0.03  sec. 

The  maximum  induction  period  should  be  expected  for  diergolic 
fuels  -  petroleum  products,  owing  to  the  greater  time  required  for 
evaporation  in  the  chamber  of  the  ZhRD,  since  hydrocarbons  do  not  give 
a  vigorous  exothermal  reaction  with  nitric  acid,  resulting  in  conver- 
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sion  of  the  components  to  the  vapor  phase. 

This  difference  in  combustion  processes  for  nonself- igniting 
fuels  may  probably  be  explained  in  connection  with  the  value  of 
the  initial  temperature  for  which  the  fuel  components  begin  to  react. 

Figure  132  shows  the  temperature  distribution  along  the  flame 
front.  Tq  is  the  initial  mixture  temperature,  Ty  is  the  flash  point 
of  the  material  (300-300°  for  a  standard  determination),  Tr  is  the 
initial  temperature  for  the  exothermal  reaction,  which  is  close  to 
the  combustion  temperature,  Tg  is  the  combustion  temperature  of 
1000-2000°. 

This  distribution  of  flame  temperatures  was  first  verified  by 
Ya.B.  Zel'dovich  who  showed  that  the  reaction  of  the  matter  in  the 
flame  does  not  begin  at  the  ignition  temperature,  as  had  been  '5"p- 
posed  previously,  but  at  a  temperature  close  to  the  combustion  tem¬ 
perature  [3]. 

For  hypergolic  components,  the 
reaction  commences  at  a  temperature 
close  to  T0,  i.e.,  close  to  the  stan¬ 
dard  temperature.  Thus,  for  hyper¬ 
golic  propellants,  chemical  inter¬ 
action  goes  on  over  the  entire  tem- 

Fig.  132.  Nature  of  temperature  perature  range  from  TQ  to  Tv  and  Tr; 
distribution  T  over  the  flame- 

front  depth  1  upon  combustion,  the  heat  which  develops  from  the 
preflame  reaction  facilitates  vaporization  and  preparation  of  the 
propellant  for  combustion  even  prior  to  the  supplying  of  heat  from 
the  combustion  zone. 

In  addition  to  unstable  combust ion- chamber  operation,  motor 
destruction  is  also  possible  where  unsuitable  fuel  is  used.  This  may 
occur  for  the  following  reasons. 

1.  upon  starting,  where  there  is  an  ignition  lag,  a  large  amount 


Fig.  133-  Nature  of  ignition  and  combustion  of  nitric 
oxide-self-ignlting  combustible  propellant  (furfuryl 
alcohol- 50$,  xylidine-50^)  in  chamber  of  liquid  reac¬ 
tion  engine. 

of  fuel  mixture  may  accumulate  and  as  a  result,  at  the  beginning  of 
combustion  the  chamber  in  the  combustion  chamber  will  rise  above  the 
permissible  value  and  cause  engine  failure. 

2.  Engine  destruction  can  also  occur  where  the  ignition  lag  for 
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Fig.  13^.  Nature  of  ignition  and  combustion  of  fuel  in 
liquid  reaction  engine. 

the  fuel  is  within  normal  limits,  but  the  rate  of  increase  in  the 
combustion  reaction  from  the  instant  of  self- ignition  to  the  estab¬ 
lishment  of  steady-state  conditions  is  too  great.  Thus  the  pressure 
jump  in  starting  may  exceed  the  pressure  for  which  the  engine  was 
designed. 

3.  It  is  probable  that  combustion  may  transform  into  explosion 
as  a  result  of  the  accumulation  in  the  combustion  chamber  of  a  large 
amount  of  fuel  mixture.  As  is  known  from  practical  experience,  upon 
combustion  of  a  large  amount  of  explosive  mixtures,  there  is  a  greater 
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Fig.  135.  Ignition  of  fuel,  vibration  combustion  and 
explosion  of  ZhRD  chamber  after  0.1  sec. 

possibility  for  combustion  to  turn  into  explosion  since  in  this  case, 
favorable  conditions  for  the  accumulation  of  heat  are  set  up.  Once  it 
has  begun,  the  combustion  of  such  a  large  amount  of  fuel  will  in¬ 
evitably  lead  to  an  explosion.  The  accumulation  of  relatively  large 
masses  of  fuel  at  separate  instants  of  time  may  also  facilitate 
pulsation  combustion. 

4.  It  is  also  possible  for  "normal"  combustion  of  a  fuel  mixture 
to  turn  into  an  explosion  under  operating  conditions  where  fuels  having 
an  increased  tendency  to  knocking  are  used.  Transformation  of  com- 
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bustion  to  detonation  is  especially  likely  for  liquid  explosives 
(methyl  nitrate,  nitroglycerin,  dinitroglycol) ,  which  were  tested  as 
monopropellants,  and  also  for  certain  liquid  explosive  mixtures. 
Depending  upon  the  nature  and  sensitivity  of  an  explosive  or  of  ex¬ 
plosive  mixtures,  they  will  have  different  tendencies  to  go  from 
combustion  to  explosion.  With  certain  materials,  successful  launch¬ 
ings  may  alternate  with  explosions. 

The  explosion  of  a  fuel  mixture  consisting  of  a  finely  dispersed 
mixture  of  drops  of  oxidizer  and  combustible  in  the  liquid  or  mist 
form,  is  a  more  complicated  phenomenon. 

As  we  have  mentioned,  the  conversion  of  combustion  to  an  explo¬ 
sion  can  be  described  in  general  terms  as  an  excess  of  heat  arriving 
from  the  combustion  zone  with  respect  to  the  heat  removed,  from 
which  it  follows  that,  all  other  conditions  being  equal,  conversion 
of  combustion  to  explosion  is  more  probable  where  large  masses  or 
volumes  of  materials  are  being  burnt,  i.e.,  in  high-power  motors; 
this  has  been  borne  out  by  experience. 

Prom  the  heat- transfer  viewpoint,  steady-state  combustion  of  a 
substance  may  be  characterized  by  an  equilibrium  between  the  heat 
transfer  from  the  combustion  zone  to  the  surface  of  the  material 
and  the  heat  expended  upon  evaporation  of  the  substance. 

Figures  133  and  134  show  the  nature  of  ignition  and  combustion 
of  a  hypergolic  nitric  acid-furfuryl  alcohol  (50#)  plus  xylidine 
(50$)  propellant  in  the  chamber  of  a  liquid  reaction  engine.  The 
process  was  photographed  at  a  rate  of  1680  frames  per  second  [7]. 

The  frames  show  the  initiation  of  the  propellant-ignition  process 
in  the  front  of  the  chamber,  the  creation  of  a  combustion  site  over 
the  entire  chamber  and,  to  the  left,  the  creation  of  a  flame  blow- 
off  zone  at  the  nozzles  where  the  propellant  components  are  mixed  and 
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where  the  reactions  preceding  ignition  occur. 

Figure  135  shows  high-speed  photographs  of  vibration  combustion 
in  a  ZhRD  chamber.  Propellant  combustion  alternates  with  extinction 
and  subsequent  ignition  over  a  46-millisecond  period,  followed  by 

explosion  of  the  chamber  after  96  millisec. 

Thus,  depending  upon  the  conditions  for  the  propellant-combustion 
process,  stable  combustion  and  unstable  pulsating  combustion  are 
possible;  the  latter  may  terminate  in  explosion  of  the  chamber. 

Thus,  both  hydraulic,  physical-mechanical  factors,  and  the 
chemical  nature  of  the  propellant  may  affect  operating  stability  of 
ZhRD.  The  chemical  factor  appears  in  the  induction  period  and,  evi¬ 
dently,  in  the  tendency  for  normal  combustion  of  fuel  vapors  to  turn 
into  reactions  taking  place  at  explosive  rates.  The  predominating 
factor  is  determined  by  the  arrangement  of  the  motor  and  the  operating 

regime . 

Under  some  conditions  it  may  turn  out  that  the  chemical  nature 
of  the  propellant  has  no  great  effect  upon  motor  operating  stability, 
since  the  time  involved  in  chemical  reactions  is  very  small  in  com¬ 
parison  with  the  time  required  for  the  physical-mechanical  processes 

to  take  place. 

It  may  turn  out,  however,  upon  conversion  to  new  fuels  or  a 
rigid  operating  regime  for  the  motor,  that  the  process  will  be  limited 
by  the  chemical  properties  of  the  propellant.  In  this  connection, 
the  role  of  the  chemical  nature  of  the  propellant  in  combustion  proc¬ 
esses  should  always  be  kept  in  mind. 

In  general  terms,  these  are  the  concepts  of  the  ignition  and  com¬ 
bustion  processes  for  fuels  in  engines.  The  actual  process  of  ignition 
and  combustion  of  fuels  in  actual  engines  is  extremely  complicated, 
and  far  from  completely  studied.  In  this  chapter,  we  have  examined 
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only  certain  considerations  relating  to  these  processes.  Thus,  those 
Interested  in  combustion  problems  should  turn  to  the  specialized 
literature  in  which  it  is  still  impossible,  however,  to  find  answers 
to  all  of  the  questions  related  to  processes  occurring  within  the 
chambers  of  reaction  engines  [12,  13). 
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Chapter  4 


HYPERGOLIC  PROPELLANTS  CONSISTING  OF 
SELF-IGNITING  COMBUSTIBLES,  NITRIC  ACID, 
AND  OXIDES  OF  NITROGEN 


Hypergolic  propellants  based  upon  nitric  acid  are  classified  as 
bipropellants,  since  they  consist  of  two  components:  an  oxidizer  and  a 
combustible,  which  are  supplied  to  the  motor  from  two  separate  tanks. 
When  the  oxidizer  and  combustible  are  mixed,  the  propellant  ignites 
spontaneously  with  a  very  small  lag,  measured  in  the  hundredths  of 
seconds. 


The  advantages  of  hypergolic  fuels  (for  example,  nitric  acid- 
amines)  lie  in  the  fact  that  no  special  device  is  required  to  ignite 
the  propellant  in  starting  the  motor; they  burn  more  stably  under  op¬ 
erating  conditions  than  dlergollc  propellants  (for  example,  nitric 
acid-kerosene). 

Combustibles  for  hypergolic  propellants  may  include  aliphatic  and 
aromatic  amines,  hydrazine  and  its  alkyl-substituted  derivatives,  het¬ 
erocyclic  compounds  such  as,  for  example,  furfuryl  alcohol,  polybasic 
phenols,  and  other  substances.  All  of  these  compounds  react  violently 
with  nitric  acid. 


It  is  necessary  to  remember  that  the  development  of  the  self- 
ignition  process  depends  upon  both  chemical  and  physical  factors. 


"wxfnnniLricPAcid3:  StrUCtUre  and  AMlity  to  Ignite  Spontaneously 


In  determining  the  ability  of  organic  compounds  to  react  with  nit- 


-  392  - 


ric  acid,  the  first  step  is  to  make  a  visual  evaluation  of  the  nature 
of  the  reaction  occurring  when  the  components  are  mixed.  For  example, 
1-2  ml  of  oxidizer  and  0.5-1  ml  of  combustible  are  taken  for  testing. 

In  some  cases,  there  is  no  noticeable  reaction,  while  in  others  there 
is  a  slow  or  vigorous  reaction  accompanied  by  heating  and  boiling. 

With  reactive  combustibles,  self-ignition  occurs  with  or  without  a  per¬ 
ceptible  lag. 

Tables  97-99  give  qualitative  characteristics  for  self-ignition 
and  reaction  of  organic  compounds  with  980  nitric  acid  and  nitric  acid 
containing  100  sulfuric  acid  at  20°.  In  chemical  practice,  such  a  mix¬ 
ture  is  called  a  "melange." 

Thus,  the  following  compounds  ignite  spontaneously  with  nitric 
acid  in  many  cases:  l)  aromatic  and  aliphatic  amines;  2)  unsaturated 
compounds  with  several  unsaturated  bonds;  3)  polyatomic  phenols;  4) 
certain  heterocyclic  compounds;  5)  hydrazine  and  its  homologs. 

Primary  aromatic  amines  ignite  better  with  nitric  acid  than  do 
secondary  or  tertiary  amines.  For  aliphatic  amines,  the  dependence  is 
reversed,  i.e.,  tertiary  amines  ignite  better  than  secondary  or  ter¬ 
tiary  [sic]. 

Aldehydes  react  relatively  slowly  with  nitric  acid. 

Compounds  having  only  a  single  double  or  triple  bond  normally  do 

not  produce  adequate  ignition  with  nitric  acid. 

Compounds  having  two  nonconjugate  double  bonds  for  the  most  part 

do  not  form  hypergolic  mixtures  with  nitric  acid. 

Conjugate  double  bonds  increase  the  reactivity  and  liability  to 
self-ignition.  This  is  also  facilitated  by  the  formation  of  cyclic 
structures.  Thus, pentadiene-1,4  (formula  a,  see  below)  does  not  have 
an  acceptable  ignition  lag  with  nitric  acid,  2-methylbutadiene-l,3  (b) 
does  ignite,  although  with  some  lag,  while  cyclopentadiene  (c)  ignites 
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TABLE  97 

Interaction  of  Nitrogen-Containing  Organic  Com¬ 
pounds  with  Nitric  Acid  [1] 


|3  XainKTep  praxxMM  c  nxMMHTtwx 

1  COCAXMMM 

2  •opxyaa 

4  IINOi 

c  CMKh 

5l>0%  -  UNO, 
10%  - 11, so. 

6  AAtiipamwiccKUt  omuhu 


I 

9 

10 

II 
12 

S 

15 

16 
17 


yillMCTMJiaMMII  .  .  ... 

NH(Clla)*  • 

BocnAiMciicimc 

TpiDTHAJMlm . 

N  (Call  1)1 

20  » 

DymaauiiH . . 

GH.NH. 

Pcaxmia 

UloCyTIIAaMMH . 

18  mo-CalUNHi 

19  • 

/litOyTiiAaMiiH  ...  .  . 

(Glla)jNH 

'BociuiaMeiiomic 

TpiiCynuiaMim  ;  .  .  .  . 

,Q  (GH»)jN 

20  Pmxuhx 

TpiiiuorexciuuMHii  .  ,  . 

Jo  («»»-GHi»)>N 

21  » 

P-Amiiih»thaobwA  cniipT 

HOC:H«NH| 

Bypnax  pcaxuHK 

TpHJTatlOJUMHH . 

(HOCalU)aN 

19  *  * 

SnUltHAHlMHHrilApaT  .  . 

GH«  (NHt)t>HiO 

BOClUiaMCHCHHC 

AHtTIUCHTpHtlMX .  .  .  . 

(NHiCtH«)iNH 

» 

j  BociuiaMcnciiiie  19 

» 

Bociuiauciiciiue 
c  saAcpwicoA  22 
Pcaxuux  20 
DociuiaMGiicimc  19 
Pmxuhx  20 
» 

Bypuax  pmxuhx  21 
To  *e  23 
BoClUiaMCIKHHC  19 

> 


30  ApoMamuHKKUt  omuhu 


Ahwiiih . 

GH»NH, 

i.9BocnAaHeHeHHe 

Bociui 

MemnaiuuiHH . 

GHiNHCH* 

?lBypHax  pmxuhx 

flllMCTHAaHHAHH  .  .  .  . 

GHiN  (CHiH 

»  » 

SnUiaHIUlHH . 

GHiNHGHi 

1  » 

AHJTtUiaHIMMH . 

GH.N  (CaH»)i 

1  » 

Kchahahh  . 

GHa(CHa)aNH. 

L9B0CMaWHCHHC  .’ 

4 Of udpoapOMamuwcKuc  11  temeponuKAunecKue  omuhu 


31  UMKAOrCKCHAaMHM  .  . 

32  MCTIIAIlHKJIOreXCHJiaMIIH. 

33  AiiMGTHAUHKnorexciiJi- 

4MHH  ... 

34  niipHAim . 

35  rinncpHAHH . 

36  rilippoa . 


37  riMppaniiAMH  .  . 

38  OCHMArHApajHIl  . 

39  Mop(JlOAItfl  ... 


GHiiNHj 
C,H„NHCH, 
GH»N  (CHj)i 

o 

/Ha-CHa^ 
NH 

NCHi-Ch/ 
CH  =  CHV 

|  nh 

CH  =  CH/ 

CHj  -  CHj^ 

NH 

CHj-CHa/ 
GHaNH  -  NHi 
/CH.-CHav 

•0  NH 

\:h,-ch/ 


49BociuiiMeHeHiie 
» 


20  Pmxuhx 

19 

BocpaaMeHtHHe 


21 

Bypiiax  pcaxuux 

19 

BocnaaMeKeHMe . 


BocnaaMCHCHHe  19 

. » 


Pmxuhx  20 
BociuiaMeiieHiie  19 


Bypnax  peaxuHA  21 
BocanaMCiieHKe  19 
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Key  to  Table  97 

1)  Compound;  2)  formula;  3)  nature  of  reaction  with  oxidizer;  4)  98# 
HNO^;  5)  mixture;  6)  aliphatic  amines;  7)  dime thy lamine;  8)  trimethyl- 
amine;  9)  buty lamine;  10)  isobutylamine;  11)  dibutylamine;  12)  tri- 
buty lamine;  13)  triisohexylamine;  14)  p-aminoethyl  alcohol;  15)  tri¬ 
ethanolamine;  16)  ethylene  diamine  hydrate;  17)  diethylene  triamine; 

18)  iso;  19)  ignition;  20)  reaction;  21)  violent  reaction;  22)  delayed 
Ignition;  23)  same;  24)  aniline;  25)  methylaniline;  26)  dimethylani- 
llne;  27)  ethylaniline;  28)  diethylaniline;  29)  xylidine;  30)  aromatic 
amines;  31)  cyclohexylamine;  32)  me thy lcyclohexy lamine;  33)  dimethyl- 
cyclohexy lamine;  34)  pyridine;  35)  piperidine;  36)  pyrrole;  37)  pyrrol¬ 
idine;  38)  phenylhydrazine ;  39)  morpholine. 
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TABLE  98 

Interaction  of  Oxygen-Containing  Organic  Compounds 
with  Nitric  Acid  [1] 


1  ClMIMIH 


l 


McmxoawA  cnupr  .  .  •  • 
anuoowft  i  1  .  .  . 
9  m.  npomuosuft  >  .  .  .  . 

10  HionponiMoawA  » .  .  .  . 

11  HaotfyntaoawA  »  .  .  . 

12  HaoaMttaoawA  . 

13  AmhjmhiA  »  .  .  . 
1<4  TeTpantApotyptypiMoauA 


cnttpr 


ft  •* 

15  Um  More xu  km 


!!•  • 


16  BchmwiomiA  cnxpx  .  . 

17  AmimomiA  •  .  . 

18  typtypiMOBUA  *  ..  . 


19  CepnuA  apttp . 

20  dnutatuTaT ...  /  .  .  . 

21  BKHtutanutoauA  atjwp  .  . 

22  BHHHJifiynuoBuA  »  .  .  . 

23  OypiH  •. . 

24  jjHxertH . 

23  IlHpOKaTeXHH  . . . 

26  topMMfcAenu  (60S  -huA 
pacreop  a  McnuioaoM 
cnHpTe) . 


2  ♦•pnyxi 


3  X»p»«Ttp  tOKHtaXTUCM 


M%-mi  HNO. 


CHiOH  30 
C1H1OH 
C1H1OH  32 
uao-CiHiOH  33 

iiao^HiOH  34 

aao-CtHuOH  35 


C1H11OH 
HiC  —  CHi 


34 


HiC— Cp/— CHi  —  OH 
CH*—CHi 

H«t  CH-OH 

'CHi-CH/ 
OHiCHiOH 
|CHi  “  CH  —  CH»  —  OH 

HC - CH  40 

I  II 

HC<yCJ-CH|OH 

(c.h,ho  35 

CHiCOOCiHi 
CH.-CH  -0-C«Hi 

CHi-CH -0-C«H, 
HC - CH 


II 


HC\o/' 


CH 


CHjCOCH  -  C  -  0 
OH 


ch,o  35 


Caafiaa  peanut*  . 
To  xe 

Bypitax  peaxuHi 
0<KHa  (ypna*  pcax 

UNI. 

CtMhxa*  peanut* 

PaaniMa 

> 

Ommur  peantMi 


32 

Bypitax  peanut* 


3CM««b 

00%  -  HNO, 
10%  -  H.SO. 


CaaOa*  peaxuH*  3( 
Byptia*  peaxuHi  3- 
To  ml  ( 

OtcHk  dypuai 
peanut*  3: 

Quinta*  peax-  . 
uhx  3L 

Peanut*.  3C 


» 

CmibHa* 

UHX 


peax- 


& 


lanuta  - 
Osciik  Cypiia*  peax 

33 

Xopouiee  aocnaa 

HCHeHHe 


Peaxmix 

*  32 

Byptia*.  peanut* 

Totxe  6 

BOCtUMMeHCHHe 

42 

41 

BocnaaMeHeKHe 
c  MAepxxcA 


PelKUHX 


Bypuaa  peanut*  32 


Peaxum  35 

OseHk  fiypiia* 
peaKUH*  33 

Xopotute  doc- 
luiaMetteHtie 


40 


PeaxuHX 

» 

BociuaMeHCHtte 
c  aaxepwKoA  • 

To  jkc 

BoctuiMeitcHHe 


35 

41 
6 

42 


Peanut* 


35 


27  AuerxihAerHA . . 

2c  Axpoaemi  .  . . 

29  CmhuimoiuA  MwentA  • 


> 


32 

BypMa*  peaxuHi  . 


BociuinteHCHHe 

c  MAepxKoA  41 

0«tm  6yp«a* 
peaxuH*  33 
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TABLE  98  (Conclusion) 


1  COMMCNM 

36  KopHMHWii  MWKflU 

37  ♦yp^ypo*  •  •  •  • 

38  Auerou . 

39  Ummokiicihoh  .  .  . 


2 


iOHi-CH-CH-CHO 

HC - CH 

II  B  jO 

H<vc-< 

CHjCOCHi 

/Hi-CHk 

C-0 

\:hi  -  ch/  ■ 


.XapiKTtp  petKUVN  C  «KHC«MTCM!M 


4  HNO, 

L  (MPCk 

h  10%-HNO. 

[  iHJ-h^o. 

PCSKIIIIR  35 

EypRu  pciK* 

32 

Will 

Eypiiaa  pciKuMR 

32 

Eypuu  peaKunn  32 

pcjkuh*  35 

PeaKmm 

35 

EypiiM  pMKmia 

32 

Eypiiaa  peaxuHa 

1)  Compound;  2)  formula;  3)  nature  of  reaction  with 
oxidizer;  4)  98$  HNO^;  5)  mixture;  6)  the  same;  7) 

methyl  alcohol;  8)  ethyl  alcohol:  9)  n-propyl  al¬ 
cohol;  10)  isopropyl  alcohol;  11)  lsobutyl  alcohol; 
12)  isoamyl  alcohol;  13)  amyl  alcohol  (pentyl  al¬ 
cohol;  14)  tetrahydrofurfuryl  alcohol;  15)  cyclo- 
hexanol;  16)  benzyl  alcohol;  17)  allyl  alcohol; 

18)  furfuryl  alcohol;  19)  diethyl  ether;  20)  ethyl 
acetate;  21)  vinylethyl  ether;  22)  vinylbutyl 
ether;  23)  furan;  24)  diketene;  25)  pyrocatechin: 

26)  formaldehyde  (60$  solution  in  methyl  alcohol); 

27)  acetaldehyde;  28)  acrolein;  29)  salicylalde- 
hyde;  30)  weak  reaction;  31)  same;  32)  violent  re¬ 
action;  33 |  very  violent  reaction;  34)  strong  re¬ 
action;  35)  reaction;  36)  cinnamaldehyde;  37)  fur- 
furol;  38)  acetone;  39)  cyclohexanol;  40)  good  ig¬ 
nition;  41)  delayed  reaction;  42)  ignition. 


very  easily.  The  introduction  of  hetero  atoms  into  a  ring  with  a  sys¬ 
tem  of  conjugate  bonds,  as  in  .the  case  of  pyrrole  (d)  and  furane  (e) 
does  not  impair  the  ability  to  ignite. 


-CH.-CH 

=  CH, 

CH,  =  CH  —  C  =  CH, 

(-) 

b  (6)  CH, 

IIC-CH 

I1C-CH 

HC-CIi 

II  II 

II  II 

II  II 

MC  Cll 

HC  CH 

HC  CH 

\/ 

\/ 

\/ 

CH, 

NH 

0 

C 

d 

e 

In  some  cases,  following  hydrogenation  of  double  bonds  in  cyclic 
compounds,  their  ability  to  ignite  spontaneously  is  preserved,  and 
sometimes  it  is  completely  lost.  This  is  illustrated  by  the  data  of 
Table  100. 
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TABLE  99 

Interaction  of  Hydrocarbons  and  Elementary  Organic 
Compounds  with  Nitric  Acid  [1]  " 


A  COUWMH 


1  n«p»)MiHO>uc  yrattoao* 

pow . 

2  SnuKM  (anuauA)  ...  . 


B  •*"■)>** 


16  ytMtodopodu 
ChH2«4-» 

c.h«  19 


CX«ptrr«p  penKitm  e  oocmiTtAe* 

■N  '  —  UKt 

-  MK  mi  HNOi  *  E*0%  -  HNOi 
10%  -H.SO. 

18  He  •u  hmqac  Aerayior 


3  Amiuich 

4  Oktiuch 


Ciuimibr  pmuiia 

PCAKItUR 
Byptua  peaamia 


- —  *-~l  rv.ni*” 

5  Hjonpew . CHi  ™  C  —  CH  m  CHi  Bociuiimchchhc 


6  UNKAOneHTUHCH  .  . 


7  UmwortKCJAHeH-1,3  . 

8  UHioioreKcaweH-1,4  . 


9  Beiixwi  .  . 

10  M(3NTIUIeH 


\h* 

HC  =  CH 

CH. 

HC-CH 

o 

o 

o 

C.H.ICH* 


C  SUCDHCKOi) 

23 

BoauiiMCHeMHe 


BypHj*  pe<K- 

uim  20 

Bypiua  peiKUHn  20 
To  we  22 

BocmuMCHeHiie  24 


21  Pmkuhr 


PeiKUMX 


20  Bypua  peaxuHR  Bypxia  peaxu«a  20 


17  SAtMtHmoopniHustauu  eoeduHCHUA 


Bypma  peamtHH  20 


11  3tmauhiik  (30%-nwfl  pac-  23  BocruiiueHtHHe  Bypuaa  peiKuHi 

loop  b  CeHiHHe)  ...  Zn  c  MAepwaoft 

12  TpIWUnMIOtfHHHft-WbHpaT  r>rt 

(IOH-iimA  pacwop  22 

0  fciowie) . . .  (CeHt)iAi  -O  (C»H»)i  To  wc  _ 

13  TpH»nui(J)oc)J)Hii  .  .  ,  ,  ,  (CiH»)jP  19  Cnafiaa  peaxmia  _ 

14  neHTaaapCoHiM  weaeaa  .  .  F«  (C0)i  21  Peaaiwa  PeaauHa 

15  TerpaKap&inia  hhkcar . .  Nl  (C0)«  »  t 

A)  Compound:  B)  formula;  C)  nature  of  reaction  with 
oxidizer;  D)  98$  HN03;  E)  mixture;  1)  paraffin  hy¬ 
drocarbons;  2)  ethylene  (liquid);  3)  amylene;  4) 
octene;  5)  isoprene;  6)  cyclopentadiene;  7)  cyclo- 
hexadiene-1,3;  8)  cyclohexadiene-1,4;  9)  benzene; 

10)  mesitvlol;  11)  ethyl  zinc  (30$  solution  in  ben¬ 
zine);  12)  triethyl  aluminum  ether  (10$  solution 
in  benzene);  13)  triethyl  phosphine;  14)  iron  pen- 
tacarbonyl;  15)  nickel  tetracarbonyl;  16)  hydrocar¬ 
bons;  17)  elementary  organic  compounds;  18)  no  re¬ 
action;  19)  strong  reaction;  20)  violent  reaction; 
21)  reaction;  22)  the  same;  23)  delayed  ignition; 

24)  ignition. 


Alcohols,  with  the  exception  of  methyl  alcohol,  react  violently 
with  nitric  acid.  Isopropyl  and  allyl  alcohols  react  the  best. 

In  contrast  to  the  paraffin  hydrocarbons,  aromatic  hydrocarbons 
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TABLE  100 

The  Effect  of  Hydrogenation  of  Cyclic  Compounds 
upon  Self-Ignition  with  Nitric  Acid  [1] 


1  jKXUNOf  tCUtCCMO 


5  Amijiiiu 

/c,\ 

lie  C-NH| 
II  I 

IIC  CM 

V.ll^ 

6  <t>y p«|>y p nu A  cmtpT 

HC-CH 

il  li 

HC  C— CHiOH 


Y 


7  Ilnppofl 


11 


HC-CH 
II  II 
HC  CH 

\/ 

NH 


8  rii'piiAHii 


12 


/CH\ 
HC  CH 

I  II 

HC  CH 

Nn/ 


2np«XyNT  nijipNpOMHM 


lllMtIICIIIIt  OH«  <>fill(>«  TM  K 
MKIMtUdirillllli  ftt  CUrCklo 
atortinu  kncaom  + 

4%  MOPHOTO  KMCU 


1 


UHtWOrCKCH.lflMmt 

/c,\ 

II.C  CH-Nil, 

Hji  <h 

10 .  SCI|/ 
TcTp*riiApapypt|typiwouuft  cmipt 


II|C— CH» 

I  I 

II/:  CH  —  CH|OII 

\/ 

0 


nilppOAHAHII 


I  l|C— CH| 

m i  di<, 

Y, 


ritincpiiAim 


CH|v 


HaC/  'bn, 

rue  i:H, 
\nh/ 


IICMIloro  CHIIJKACTCH 


CtWbHO  CHIINtaCTCN 


ClUlbllO  CHII1KICTCA 


13 


14 


3iu<nncnkiio  iiodmui.ictla  15 


l)  Starting  substance;  2)  hydrogenation  products; 
3 1  change  in  the  ability  to  ignite  with  a  mixture 
of  98$  nitric  acid  +  4$  ferric  chloride;  4)  de¬ 
creases  sharply;  5)  aniline;  6)  furfuryl  alcohol; 
7)  pyrrol;  8)  pyridine;  9)  cyclohexylamine;  10) 
tetrahydrofurfuryl  alcohol;  11)  pyrolidine;  12) 
piperidine;  13 )  decreases  slightly;  14)  decreases 
sharply;  15 )  increases  considerably. 


such  as  benzene,  naphthalene  and  their  homologs  react  relatively  vio¬ 
lently  with  nitric  acid,  but  without  self-ignition. 

It  should  be  noted  that  multicomponent  systems  occasionally  have 
greater  ability  to  react  than  the  individual  components.  Aniline  mixed 
with  cyclohexylamine,  for  example,  ignites  more  easily  with  nitric 
acid  than  do  the  components  taken  separately. 

The  addition  of  unsaturated  compounds  (olefins  or  vinyl  ethers) 
to  amines  retards  the  reaction  with  nitric  acid  [1].  Conversely,  the 

-  399  - 


TABLE  101 

The  Effect  of  Amine  Structure  on  Ignition  Lag  with 
9856  Nitric  Acid  [1] 


5 

6 

7 

8 

9 

10 

11 

12 


17 

18 

19 

20 

21 


22 

23 

24 

25 

26 


27 

28 

29 

30 

31 


1  llllMNM 

« 

2  Crpyiiry|M*ii  4«<puyM 

2  3Mepw«*  cammocma* 

"  MCNCMHVf  CCN. 

1 

Mcth/iimmii 

13  flrptuiHse  umuhu 

4  a)  HtpaiieTHJtnnue 
CHi  -  NHj 

He  aoctuuMcuaoTCR  4 

CHj-CH.-NHa 

2,03 

h.  nponiuiiMini 

CHi  -  CHi  -  CHi  -  NHi 

1,73 

M.  SytlUUMIIH 

CHi  -  CHi  -  CHi  -  CHi  -  NHi 

0,95 

m.  Amiuiimiih 

CHi— CHi— CHi— CHi— CHi— NHi 

0,61 

H.  rCKCHJIlMtlH 

GH1.NH1 

He  aociuiaMeiMeTCR  13 

H.  IcnTHJUMHH 

C»H,,NHi  •  * 

>  > 

n.Oktiuumhh 

1  fi  n\ 

CaHnNHi 

»  1 

h  TpcTHvuoro  iTOMoi  yraepoxa 

WaonponiMtMHH 

CHi  -CH-  NHi 

0,94 

MaoOynuiaiiiiH 

CHi 

CHi  -  CHi -CH- NHi 

*  | 

•  0,63 

HaMMIUIMNH 

CH. 

CHi-CHi-CHi-CH-NHi 

0,57 

rcnriMiHHH-2 

1 

CHi 

•  CHi  (CHi)iCH  -  NHt 

| 

He  ■ociuuMeHaeTcii  15 

TpeT.  GynuiaiiHH 

CHi 

CHi 

CHi  -  C  -  NHi 

»  > 

CHi 

32  Bmopuimt  omuhu 

(CiH»)iNH 

0,045 

TIm-h.  npomuitMHH 

(CiKt)iNH 

0,17  ■ 

iIl«-H.6yTHJiaMIIH 

(C«H,)iNH 

0,20 

JIh*h.  imh/iimhh 

(C*H»)iNH 

0,26 

JIh-H.  TCKCIM1MH  H 

(C*Hii)iNH 

He  BocrwiaMewieTCfl  15 

TpilJTIWJMIIH 

33  TptmuHUM  OMUHU  , 

{CiHi),N 

0,021 

Tpn-H.nponH^aMHH 

(C|H,),N 

0,035  ‘ 

rpil*H.6yTHAIMHH 

(C«H.),N 

0,24 

TpM'H.aMHJIKHiill 

(C*H„),N 

He  socn^aMeHaeTCR  15 

Tpn-H.renTHJiaMHH 

(CiHii)iN  3 

»  » 

«■ 
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Key  to  Table  101 


1)  Name  of  amine;  2)  structural  formula;  3)  igni¬ 
tion  lag,  sec;  4)  does  not  ignite;  5)  methylamine; 

6)  ethylamine;  7)  n-propylamine ;  8)  n-butylamine; 

9)  n-amylamine;  10)  n-hexylamine ;  11)  n-heptylamine; 
12)  n-octylamine;  13)  primary  amines;  14)  unbranched 
amines;  15)  does  not  ignite;  16)  branched  amines 
with  amino  group  on  the  secondary  or  tertiary 
carbon  atom;  17)  isopropylamine;  18)  isobutylamine; 
19)  isoamylamine;  20)  heptylamine-2;  21)  tert.  bu- 
tylamine ;  22)  diethylamine;  23)  di-n-propylamine; 

24)  di-n-butylamine ;  25)  di-n-amylamine ;  26)  di-n- 
hexylamine ;  27)  triethylamine;  28)  tri-n-propyl- 
amine;  29)  tri-n-butylamine;  30 )  tri- n-amylamine; 

31)  tri-n-heptylamine ;  32)  secondary  amines;  33) 
tertiary  amines. 
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TABLE  102 

Ignition  Ability  of  Aromatic  Amines 


3  3aarpMK* 

1  lUlMRNC 

2  CTay«TJrp»»« 

IAN ir>HH ImMNCHi  H H H,  IrHi 

-L _ 

H 

c  oiothoA  rh< 
aotoA  <M%] 

!•  e  MtaaiiMCM 
'  C  ('0  %» 

6  Ahiijihii 

0~m 

0,06 

0,04 

7  N'Mctmiimhjimh 

/S-NH-CH, 

0,12 

— 

8  o-ToJiyxAHH 

Cl  I, 

1 

0,15 

0,06 

Q-nh, 

9  J**TojiyMNM 

Cl  I. 

A 

0,15 

0,06 

0-nh* 

20  fl-TojyMMii 

CH, 

1 

0 

0,15 

0,09 

V 

1 

•  NH| 

11  a-H*4>nuiaHH«i 

NH, 

I 

0,00 

03 

12  N.N-aNMeTHJIlHHJIHH 

aKN/CH- 

A 

>0,50 

0,05 

13  2,G-XLllMCTHJiailHilltH 

U 

Nil, 

1 

0,07 

0,045 

H|C-/yoi, 

14  2/l-flllMeTH^aHHflHH 

0,07 

— 

15  2,5'HHMeTHflailH^HH  1 

CH,  CH,  CH, 

|  |  | 

16 ' 3,5-flllMCTHJiaHIWIHH  j 
17  2,3-flHMeTKVUHHflHM  J 

1 

p-JiCLStT" 

GHt  J 

0,1 

0,08 
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Key  to  Table  102 

1)  Name;  2)  structural  formula;  3)  ignition  lag, 
sec;  4)  with  nitric  acid;  5)  with  melange;  6)  ani¬ 
line;  7)  methylaniline;  8)  o-toluidine;  9)  m-tolu- 
idine;  10)  p-toluidine;  11)  a-naphthylamine ;  12) 
N,N-dimethylanlline;  13)  2,6-dimethylaniline;  14) 

2.4- dimethylaniline;  15)  2, 5-dime thylaniline;  16) 

3. 5- dime  thy laniline;  17)  2,3-dimethylaniline. 
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addition  of  a  small  amount  of  amines,  for  example  aniline,  to  vinyl- 
butyl  ether  will  increase  the  reaction  rate. 

Among  the  organic  compounds,  the  most  important  as  components  of 
hypergolic  fuels  are  the  amino  derivatives,  and  in  this  connection, 
amines  have  been  subjected  to  very  thorough  studies.  The  ignition  lag 
is  the  criterion  in  such  investigations.  Table  101  shows  the  effect  of 
the  position  of  the  amines  in  the  homolog  series  and  their  structure 
upon  the  self -ignition  lag. 

It  is  clear  from  the  data  of  Table  101  that  the  secondary  amines 
Ignite  more  easily  than  primary  amines  with  the  same  number  of  carbon 
atoms,  and  tertiary  amines  more  easily  than  secondary. 

In  the  homolog  series  of  primary  amines,  the  ability  to  ignite 
first  rises  and  then  drops  as  the  alkyl  radical  increases. 

\ 

The  reactivity  of  the  amine  is  higher  with  the  amino  group  posi¬ 
tioned  at  the  secondary  carbon  atom  than  when  it  is  positioned  at  the 
primary  atom.  This  is  associated  with  the  tendency  to  oxidation  of  the 
corresponding  amines. 

Thus,  among  the  amines  having  composition  CgH-^N,  e.g.  : 
n-IIexylamine  CgH-^NHg -  Does  not  ignite 


9' “Rv 

Ethylbutylamine  ^NH....  Ignites  with  difficulty 

c4H9  0.15-0.17  sec 

Dipropylamine  (C^H^JgNH...  Ignites  with  difficulty 

Trie  thy  lamine  (CgH^N _  Ignites  easily  (0.017  sec) 

only  triethylamine  ignites  well  with  nitric  acid,  and  thus  it  finds 
application  in  rocket  propellants. 

Diamines  are  better  self-igniters  than  monoamines,  while  triamine 


are  better  than  diamines  as  is  clear  from  the  following: 


-  404  - 


Ignition 

lag,  sec 

Ethylamine 

c2h5nh2 . 

2.0 

Ethylenediamine 

h2nc2h4nh2 . 

0.09 

Die  t hy lene  t r iamine 

HgNCgH^NHCgH^NHg. . . . 

0.01 

The  ability  of  aromatic  amines  to  ignite  spontaneously  depends 

upon  their  structure  (Table  102). 

Of  the  aromatic  amines,  aniline  and  m-xylidine  have  acceptable 
ignition  lags,  which  explains  their  use  in  recipes  for  hypergolic  pro¬ 
pellants  in  combination  with  other  more  reactive  compounds. 

The  structure  of  the  compound  is  of  great  importance  for  the  aro¬ 
matic  amines. 

Self-ignition  occurs  less  readily  with  secondary  aliphatic-aro¬ 
matic  amines  than  with  primaries,  and  still  less  readily  for  the  ter¬ 
tiary  compounds,  while  aromatic  secondary  amines  will  not  ignite  spon¬ 


taneously. 

Aniline . 

n-methylaniline. . . . 
n,n-dimethylaniline 
Diphenylamine . 


Ignition 
lag,  sec 

0.06 

0.12 

0.5 

Does  not  ignite 


Consequently,  we  observe  here  a  relationship  that  is  the  inverse  of 

that  for  the  aliphatic  amine  case. 

The  arrangement  of  methyl  groups  in  the  aromatic  ring  with  respect 

to  the  amino  group  is  of  great  importance. 

Thus,  self-ignition  occurs  readily  for  the  m-xylidines.  They  are 
obtained  by  nitration  of  m-xylol  with  subsequent  reduction  of  the 
nitro  compound.  In  this  case,  only  two  chief  isomers  occur. 
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NO,  NH, 


This  is  a  technical  mixture  of  xylidines,  and  is  used  in  practice 
for  hypergolic  propellants. 

Hydrazine  and  its  simplest  homologs  are  active  self-igniting  sub¬ 
stances  as  vapors  with  98$  nitric  acid. 

The  ignition  lag  for  hydrazine  with  nitric  acid  is  less  by  a  fac¬ 
tor  of  roughly  8-10  than  that  of  the  most  active  amines,  and  amounts 
to  0.003-0.004  sec. 

There  is  an  entire  group  of  elementary  organic  compounds  that  ig¬ 
nite  spontaneously  with  nitric  acid;  among  them,  the  organic  compounds 
of  phosphorus  have  been  studied  (Table  103). 

Ignitabllity  has  been  studied  in  the  monoalkyl  phosphines  RPH2, 
containing  up  to  16  carbon  atoms  in  the  radical,  in  the  dialkyl  phos¬ 
phines  R2PH,  containing  up  to  20  carbon  atoms  in  the  radical,  and  in 
the  trialkyl  phosphines  R^P,  containing  up  to  9  carbon  atoms  in  the 
radical.  All  of  these  compounds  ignite  spontaneously  upon  contact  with 
nitric  acid. 

In  the  study  of  the  link  between  the  chemical  structure  of  a  sub¬ 
stance  and  its  ability  to  Ignite  spontaneously  with  nitric  acid,  the 
investigations  have  been  carried  out  both  by  pouring  the  reacting  com¬ 
ponents  into  an  open  cup  and  recording  the  results  of  the  reaction, 
qnd  by  measuring  the  ignition  lag  in  special  devices  at  atmospheric 
pressure  or  under  pressure  in  special  bombs  with  recording  devices. 

The  ignition  lag  may  depend  upon  the  pressure  at  which  the  meas- 
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TABLE  103 


2  ♦opwy.tA 

3 

TtMnr|Miyp.i  Kline 

43*WPMK.l  fAMOliAC* 
n/ltlMCMCIIMH,  CfM. 

IIMH,  *C 

non  +34* 

npn  —4(i* 

6  TpilMCTIUW^OCtylM 

7  TpM-ll.fiyTIU<|>OC<JtMII 

8  ,Moiio-2  jTiLircKCH^- 

<|mctji<iii 

(ClIJiP 
(C4I  l#)sP 
GHuPIU 

C«Ht>v 

>CH  -PH* 

CM*  ' 

40—42 

140  (50  *.u) 

127  (50  «*) 

0,0048 

0,0048 

0,004 

O.oow 

o.oow 

9  Moiio-2  ohtii.ii|)oc([)iih 

120  (50  mm) 

0,0085 

10  A<ucmi.K|>oci]>tii< 

CitMtiPMi 

6G  (0,5  mm) 

0,0050 

— 

l)  Compound;  2)  formula;  3)  boiling  point,  °C;  4) 
ignition  lag,  sec;  5)  at;  6)  trimethylphosphine; 

7)  tri-n-butylphosphine ;  8)  mono-2-ethylhexylphos- 
phlne;  9)  mono-2-octylphosphine;  10)  dodecylphos- 
phine . 


urements  are  made  and  upon  the  relationship  of  the  reaction  components, 
the  combustible  and  the  oxidizer  when  the  reacting  materials  are  mixed 
very  rapidly  prior  to  ignition. 

In  combustion  of  a  propellant  mixture,  the  maximum  heat  yield  is 
given  by  the  stoichiometric  composition  of  components.  Thus,  for  exam- 


(C,H».),N+  7,8  UNO,  ->  6CO,+  1 1 ,4  H,0  +  4,4  N,. 

In  the  case  of  triethylamlne,  this  relationship  represents  a  mole  frac¬ 
tion  of  combustible  to  oxidizer  of  0.128,  corresponding  to  a  =  1.  In 
practice,  in  order  to  achieve  maximum  thrust  for  liquid  reaction  en¬ 
gines,  a  should  be  somewhat  less  than  unity,  i.e.,  0.80-0. 85.  For  tri- 
ethylamine,  this  corresponds  to  an  amine  mole  fraction  of  0.102-0.11. 

Schalla  and  Fletcher  [2]  have  studied  the  effect  of  the  mole  rela¬ 
tionship  of  combustible  and  oxidizer  upon  the  self -ignition  of  various 
aliphatic  amines  with  nitric  acid  (composition:  HNO^  -  97-38$,  N^O^  - 
0.6$,  and  HgO  -  2.02$).  These  investigations  were  carried  out  in  a 
closed  bomb  having  a  volume  of  430  ml  into  which  the  propellant  compo- 
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Pig.  136.  Ignition  lag  of  tri- 
alkyl  amines  with  nitric  acid 
in  bomb  as  function  of  mole 
fraction  of  amine.  0)  Triethyl- 
amlne,  bomb  filled  with  air; 

•)  triethylamine,  bomb  filled 
with  oxygen;  A)  tributylamine; 
x)  tripropylamine,  l)  Ignition 
lag,  millisec;  2)  mole  frac¬ 
tion  of  amine. 


2  Mok*P»OP  e»umt 

Fig.  137.  Ignition  lag  of  dial¬ 
kyl  amines  with  nitric  acid. 

0)  Dlethvlamine;  x)  dipropyl¬ 
amine;  •)  di-n-butylamine.  1) 
Ignition  lag,  millisec;  2) 
mole  fraction  of  amine. 
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Pig.  138.  Ignition  lag  of  di¬ 
alkyl  amines  with  nitric  acid, 
a)  Di-n-butylamine ;  b)  di-n- 
propylamine;  i)  bomb  volume, 

220  ml;  0)  bomb  volume,  430  ml. 

1)  Ignition  lag,  millisec;  2) 
mole  fraction  of  amine. 

nents  were  injected.  Here  both  the  change  in  pressure  and  the  self- 
ignition  were  recorded  as  a  function  of  the  type  of  amines  and  their 
rnolar  quantity. 

The  amines  Investigated  were  triethylamine,  tripropylamine,  tri- 
butylamine,  corresponding  mono-  and  dialkyl  amines. 

Figure  136  shows  the  way  in  which  the  ignition  lag  varies  for  dif 
ferent  amines  - 

(C*H,)jN  (C,H7),N  (C4H,),N 

as  a  function  of  the  mole  fraction  of  the  amine.  The  minimum  ignition 
lag  was  found  where  there  was  two  or  three  times  as  much  amine  as  re¬ 
quired  for  stoichiometric  composition.  Here  the  ignition  lag  of  tri¬ 
ethylamine  dropped  by  nearly  a  factor  of  three.  For  tripropyl-  and  tri 
butylamines,  this  excess  reached  a  factor  of  five.  This  phenomenon  is 
clearly  explained  by  the  fact  that  the  self-ignition  reaction  is  initl 
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ated  by  the  heat  of  reaction  of  amine  neutralization,  which  causes 
rapid  heating.  This  heating  is  greatest  near  the  mole  relationship  of 
components:  1  mole  of  amine  to  1  mole  of  nitric  acid.  The  oxygen  used 
in  some  of  the  experiments  to  fill  the  bomb  expands  the  ignition  limits. 

Naturally,  triethylamine  ignites  with  the  smallest  lag.  The  mini¬ 
mum  ignition  lag  rises  in  accordance  with  the  following  sequence: 

N  <  (CiH»),  N  <  (C4H,)3  N 
o.ow  sec  o,oo7 sec  o,024  sec 

In  the  preflame  period  (2-3  millisec),  the  pressure  in  the  bomb 
increased  to  1.7-2. 8  atm.  Amine  ignition  lags  in  the  bomb  turned  out 
to  be  less  by  roughly  a  factor  of  4-5  than  at  atmospheric  pressure, 
which  may  be  ascribed  to  the  elevated  pressure. 

Figures  137  and  138  show  the  way  in  which  the  ignition  lag  of  di- 
alkylamines  depends  upon  the  mole  fraction  of  amine  and  the  volume  of 
the  bomb  in  which  the  reaction  takes  place. 

Dialkyl  amines  Ignite  spontaneously  with  a  greater  lag  than  tri¬ 
alky  lamines.  The  law  governing  the  relative  mole  relationship  of  the 
reaction  components  is  just  about  the  same.  In  a  bomb  of  smaller  vol¬ 
ume,  self-ignition  occurs  with  a  shorter  lag.  Monobutylamine  can  be 
made  to  ignite  only  in  a  bomb  with  rapid  and  good  stirring. 

The  results  given  indicate  that  aliphatic  amines  ignite  spon¬ 
taneously  with  nitric  acid  via  a  stage  of  exothermal  neutralization 
reaction  occurring,  as  is  the  case  for  an  ion  reaction,  at  high  speed 
with  subsequent  oxidation  reactions  resulting  from  intensive  heating. 

2.  Effect  of  Catalysts  upon  Self-Ignition 

Fuel  self-ignition  in  a  reaction  engine  is  an  oxidation  reaction, 
and  thus  several  inorganic  salts  or  iron,  copper,  vanadium,  and  other 
metals  are  employed  to  decrease  the  ignition  lag.  All  of  them  are  oxi-  !■ 
dation  catalysts. 


-  410  - 


Salts  of  metals  with  varying  valence  are  normally  used  as  cata¬ 
lysts.  Here  the  inorganic  salts  are  soluble  in  the  oxidizer,  and  the 
organic  salts  of  high-molecular  organic  acids  in  the  combustible.  In 
both  cases,  the  agents  of  catalytic  activity  are  ions  of  the  metals. 

Let  us  give  some  examples  of  catalytic  oxidation  [2], 

It  is  known  that  such  substances  as  CuO,  Pd,  Pt,  V20 and  Pb02 
in  general  speed  up  the  oxidation  reaction. 

The  catalytic  action  of  oxides  and  salts  of  multivalent  metals  is 

explained  by  the  ability  to  transport  oxygen,  for  example: 

2  CuO  4-  R  ->  RO  +  Cu,0 
CujO  -I*  0  — ►  2  CuO, 

where  R  is  an  organic  compound. 

In  many  cases,  a  combination  of  several  catalysts  increases  the 
catalytic  effect.  Thus,  the  mixed  catalysts  CuO  +  Cr203  and  Mn02  +  Pb02 
are  known;  they  have  greater  activity  than  the  oxides  taken  separately. 

Oxidation  catalysts  find  wide  application  in  technology.  Thus, 
the  catalyst  "hopcalite"  having  the  composition  Mn02  -  50$,  CuO  -  30$, 
Cr203  -  15$,  Ag20  -  5$  is  used  in  the  oxidation  of  carbon  monoxide  by 

atmospheric  oxygen  at  normal  temperatures. 

The  process  of  oxidizing  carbon  monoxide  into  carbon  dioxide  by 
means  of  the  oxygen  of  the  air  in  the  presence  of  hopcalite  is  used  in 
filtering  gas  masks  designed  for  protection  against  carbon  monoxide. 

To  intensify  surface  combustion  in  gas  torches,  catalysts  of  the 
following  composition  are  used:  ThC>2  -  99$,  Ce02  -  1$  and  a  mixture  of 
oxides  of  Mn02  and  AlgO^  with  6-18$  added  CrgO^. 

Catalysts  containing  Cu  and  Ag  are  used  to  oxidize  methane  to  for¬ 
maldehyde. 

Self-oxidation  of  unsaturated  compounds  such  as  the  terpenes  is 
accelerated  by  rosin  and  naphthenic  salts  of  Co,  Fe,  Mn,  Cr,  Os,  and  lb. 
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When  dissolved  in  turpentine,  these  salts  sometimes  cause  the  turpen¬ 
tine  to  ignite  spontaneously  with  the  air. 


TABLE  104 

Some  Catalysts  used  in  Hypergolic  Propellants 
[1,  3,  4] 


1  XtTMNMrOp 

2  Oopxyju 

3  Toiuinio 

h  Kyjw  idoamtch 
^  MiaANurop 

6  Xaopiioe  kcamo 

FeCli-6HtO 

AaoTiiaH  Kiic.ioTa,  ayiiHU, 

HenpeAoabiibic  14 

B  OKHCflMTMb 

7  HuTpJT  XCCJ1CM 

Fe  (NOi)j 

To  we  15 

B  OKIICflHTCJIb 

8  )Kc.iciiian  coat  aiifiy- 

{(C«Hi)iCi(HtSOi]iFe 

ricpcKiicb  HoaopoAa,  nnpo- 

B  ropwiee 

Tii.niatjiTa.niHCyAk' 

KJTCXIIII,  paCTDOpilTCJIII 

•  t|»KI'OIOTU 

16 

9  Co.ni  opraiiHsccKHX 

:PCOO)j-jMc 

AaoruaH  KiicAora,  aMiuiu, 
HtnpcAWbiiye  17 

B  roptoiee 

KIIC.IOT 

10  McjUl0CHHep04HCTUA 

KiCu  (CN)i 

ricpcKiicb  noaopoAa.  nu- 

B  ropiowc 

kmiiA 

pa3iiiiriiApaT,  mciimio- 

HMll  ClllipT  18 

11  Okiic/im  II  COJIll  mcah 

CuO 

AaoTiiaa  xiooTa,  iicnpc- 

B  OKIOIITMb 

12  CooAMiieiiue  BaniAim 

Cu,CI, 

ami.hu*,  ncpcxiicb  DO- 
AopoAa  19 

VjOjCt-SHjO 

ricpcKiicb  DoaopoAa,  ropw- 
>icc  20 

B  ropioMcc 

13  Cocamiiciimii  MapriHua 

KM11O, 

ricpoKHCb  DOAopoaa,  ropio- 
we  21  • 

BnpMCKiinacTCR 

(ncpManraiiam) 

NaMnO, 

Ca  (MnO,)» 

BflDlir.1TC.1b 

1)  Catalyst;  2)  formula;  3)  propellant;  4)  where 
catalyst  is  introduced;  5)  in  oxidizer;  6)  ferric 
chloride;  7)  ferric  nitrate;  8)  iron  salt  of  di¬ 
butyl  naphthalene  sulfonic  acid;  9)  salts  of  or¬ 
ganic  acids;  10)  potassium  cupricyanide;  11)  oxides 
and  salts  of  copper;  12)  compound  of  vanadium; 
compounds  of  manganese  (permanganates);  14) 
nitric  acid,  amines,  unsaturated;  15)  same;  16)  hy¬ 
drogen  peroxide,  pyrocatechol,  solvents;  17)  nitric 
acid,  amines,  unsaturated;  16)  hydrogen  peroxide, 
hydrazine  hydrate,  methyl  alcohol;  19)  nitric  acid, 
unsaturated,  hydrogen  peroxide;  20)  hydrogen  perox¬ 
ide,  combustible;  21)  hydrogen  peroxide,  combus¬ 
tible;  22)  in  the  oxidizer;  23)  in  the  combustible; 
24)  injected  into  the  engine. 


5 

22 

23 

23 

23 

22 

?3 

24 


The  activity  of  a  catalyst  is  graphically  characterized  by  the 
amount  of  heat  liberated  in  1  hr  upon  oxidation  of  the  paraffins  of 
petroleum  jelly: 
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Heat  of  reaction, 
kcal/hr 


Manganese  stearate .  31 

Manganese  palmitate .  ^5 

Copper  naphthenate .  106 

Manganese  naphthenate .  198 

Cobalt  naphthenate .  234 


In  this  reaction,  the  salts  of  cobalt  are  more  active  than  those 
of  manganese  or  copper,  and  in  their  presence,  oxidation  proceeds  at 
the  greatest  rate. 

There  is  a  maximum  amount  of  catalyst  exceeding  of  which  will  pro¬ 
duce  no  further  increase  in  the  reaction  rate.  Thus,  the  heat  yield 
from  the  oxidation  of  petrolatum  with  manganese  naphthenate  Increases 
only  to  a  concentration  of  0.8$,  following  which  the  reaction  rate 
does  not  rise. 

It  has  been  noted  that  in  the  oxidation  of  petroleum  fractions, 
a  combination  of  metals  may  prove  to  be  a  more  active  catalyst  than 
salts  of  the  metals  taken  separately. 

All  of  the  laws'given  may  be  considered  in  choosing  ignition  cata¬ 
lysts  for  reaction  fuels. 

Table  104  lists  the  substances  finding  application  as  ignition 
catalysts  in  reaction  fuels. 

The  catalysts  to  some  degree  act  selectively  with  respect  to  the 
various  combustibles  and  oxidizers.  Thus,  such  unsaturated  compounds 
as  aromatic  amines  are  sensitive  to  the  action  of  catalysts  when  ignit¬ 
ing  spontaneously  with  nitric  acid.  At  the  same  time,  aliphatic  amines 
are  quite  insensitive  to  catalysts. 

Where  nitric  acid  with  an  admixture  of  sulfur  is  employed,  i.e., 
"melange,"  catalysts  have  less  effect  upon  the  ignition  lag  than  where 
pure  nitric  acid  is  used.  The  addition  of  sulfuric  acid  to  the  nitric 
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acid  decreases  the  ignition  lag  for  amines  and  unsaturated  compounds. 

In  the  first  case,  sulfuric  acid,  being  more  aggressive,  increases 
the  heat  yield  of  salt  formation  while  in  the  second  case  the  sulfuric 
acid  evidently  acts  as  a  catalyst:  the  sulfuric  acid  increases  the  re¬ 
action  rates  of  nitration  and  polymerization,  which  may  facilitate  the 
development  of  preflame  oxidation  reactions  owing  to  the  exothermal 
effect. 

3.  On  the  Mechanism  of  Spontaneous  Ignition  of  Organic  Combustibles 
and  Nitric  Acid 

Spontaneous  ignition  of  organic  combustibles  upon  contact  with 
oxidizers  is  preceded  by  several  intermediate  reactions  which  commence 
under  normal  conditions  and  proceed  at  high  speed.  The  Initial  vigor¬ 
ous  heating  of  the  reaction  mixture  initiates  the  subsequent  preflame 
oxidation  reactions  that  then  lead  to  self -ignition. 

Thus  it  may  be  expected  that  triethylamine  with  nitric  acid  will 
form  a  nitrate  accompanied  by  the  evolution  of  a  considerable  amount 
of  heat: 

(C,H,)jN  +  HNO,  -> (C,H»),N •  HNO»+  27.6  Iccal . 

The  reaction  between  a  strong  acid  and  a  base  is  of  an  ionic  na¬ 
ture,  and  proceeds  at  high  speed;  as  a  result,  the  heat  developed  can¬ 
not  be  dissipated.  This  in  turn  leads  to  heating  of  the  reaction  mix¬ 
ture  and  to  oxidation  of  the  entire  molecule. 

Upon  interaction  of  aniline  with  nitric  acid  and  oxides  of  nitro¬ 
gen,  the  following  reactions  may  develop  in  the  initial  stage  [4],  in 
connection  with  the  evolution  of  heat: 
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NH,  •  HNOj 

; 


+  19,0  kcal 


NH,  NH, 

I  NH,  •  | 

0+HNO,r  Q .  CJrN0’+l7,1 


,o  kcal 


•°  no,  on 

•  N,  ■  NO,  42  I 

A  +i^  " 

'  n,o 


on 


VI  i 

-  ()=.0 

NO, 


The  possibility  of  such  reactions  is  well  known  in  organic  chem¬ 
istry  [4],  and  the  question  lies  in  the  degree  to  which  they  actually 
occur. 

In  a  hypergollc  reaction  of  a  hydrocarbon  —  pentadiene  -  with 
nitric  acid,  the  following  reactions  may  be  supposed  to  occur  in  the 
Initial  state  [5]:  l)  the  attachment  of  nitric  acid  at  the  double  bond 
with  the  formation  of  a  nitroalcohol;  2)  addition  with  the  formation 
of  a  nitroether,  and  3)  polymerization  of  the  two  pentadiene  molecules 
under  the  action  of  the  acid: 


HC-CH 

I!  II 

HC  CH  +  HNO,  ~ 


CH, 


iic-c/H 

I!  US, 

MC  c< 

\/  HI 
CH, 


Al 

HC-C( 
ll  I  HI 


s  Yh 


-I-  20,3kcal 


ono,  +  ijkcal 

H 


/?*\ 

HC  I  CH-CH 
II  CH,  I  |j.  +  24  kcal 
HC  I  CH  CH 


For  the  monoolefins,  such  as  cyclohexene,  all  three  reactions  may 
occur,  although  at  a  considerably  lower  rate.  Thus,  the  reaction  mix¬ 
ture  will  be  cooled  owing  to  heat  transfer,  and  self-ignition  will  not 
occur. 
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TABLE  105 


Heat  of  Reaction  and  Nominal  Heating  of  Amines  and 
Unsaturated  Compounds  with  Nitric  Acid  [6] 


1  Pe*M|Na 

^Ttujior* 
PONKNN, 
KMilMU » 

^CJIOIItwA 

poorpe,, 

•c 

ncpttOA  IHXCPMKH 

ciMoaociiJUMfiie- 

.  NH«  C  SIOTHoA 
i)  KHOIOTOl,  CCK. 

GHiNHt  +  HNOi  -» GHiNHj'HNOj 

10 

247 

1  * 

0,00 

GHtNHfHNOi  +  HNOi  -  C.H»N;NO»  +  2H»0 

23 

/NHi 

GH»NH»  +  HNO»  -•  GH«<  +H|0 

218 

0,00 

'NO,  ' 

17  | 

(GH,),N  +  HNO,  -*  (CjH,),N*HNOi 

27,0 

336 

0,02 

(GH,i}jN  +  HNOi  -♦  (GHn)iN-HNO, 

27,6 

170  . 

1 

GH.+  HNG-GH,/H 

+  12 

180 

X)NO» 

/OH 

GH,+  HNO,-*GH,( 

'NO, 

20,3 

440 

0,03 

GH,  +  GH,  -•  (GH,), 

+24 

230 

- 

1)  Reaction;  2)  heat  of  reaction,  kcal/mole;  3) 
nominal  heating,  °C;  4)  ignition  lag  with  nitric 
acid,  sec. 


Table  105  gives  data  for  the  nominal  heating  of  a  reaction  mix¬ 
ture  which  might  be  obtained  where  there  are  no  side  reactions  and  no 
heat  expended  upon  vapor  formation.  In  this  case,  the  heating  is  de¬ 
termined  by  the  relationship 


,  _  Q  •  1000 
ct  •  M  ’ 

where  Q  is  the  heat  of  reaction;  C  is  the  heat  capacity  of  the  reac- 

Sr 

tion  mixture,  equal  to  roughly  0.5  cal/g;  M  is  the  total  molecular 
weight  of  the  reacting  components. 

In  actuality,  heating  of  the  reaction  mixture  also  occurs  owing 
to  the  oxidation  reactions  that  develop  when  the  temperature  rises  in 
the  nitric  acid. 

The  special  role  of  the  amino  groups  in  the  self-ignition  reac¬ 
tion  of  aromatic  amines  with  concentrated  nitric  acid  is  clearly  in¬ 
dicated  by  the  fact  that  other  light  oxidizing  substances  (phenols, 
naphthols,  hydroquinone,  pyrocatecho.1)  do  not  directly  ignite  spon- 
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taneously  with  nitric  acid. 

As  the  molecular  weight  rises,  the  tendency  to  self-ignition  in 
the  homologous  group  of  amines  decreases.  At  the  same  time,  owing  to 
the  increase  in  molecular  weight,  there  is  a  drop  in  the  temperature 
to  which  the  reaction  mixture  is  heated  due  to  the  formation  of  nitrate. 
Thus,  for  triethylamine,  the  nominal  temperature  of  heating  with  nit¬ 
ric  acid  amounts  to  336°,  while  for  triamyl amine,  it  is  only  170°.  The 
structure  of  the  amine  is  also  of  considerable  importance,  however. 

Thus,  triethylamine  (CgH^N  ignites  easily,  while  hexylamine  c6h^m2, 
an  Isomer  of  triethylamine,  does  not  ignite  with  nitric  acid  within  an 
acceptable  lag  period.  It  is  possible  that  this  is  connected  with  the 
basicity  of  amines,  which  is  higher  for  the  tertiary  amines  than  for 
the  primary.  The  relationship  works  the  other  way  for  aromatic  amines, 
i.e.,  the  primary  amines  are  more  active  in  a  self-ignition  reaction 
than  the  tertiary  amines.  This  is  supported  by  the  fact  that  the  mechan¬ 
ism  for  self-ignition  of  aromatic  amines  differs  from  that  for  ali¬ 
phatic  amines. 

The  aliphatic  and  aromatic  amines  also  differ  in  basicity.  Thus, 
the  dissociation  constant  of  aniline  as  a  base  is  4.6,10“'1'^,  and  that 
of  triethylamine  is  6. 4* 10  ,  i.e.,  the  basicity  of  triethylamine  is 

far  greater. 

When  nitric  acid  is  reacted  with  unsaturated  hydrocarbons,  in  the 
first  stage  it  is  possible  to  obtain  easily  oxidized  nitroethers  and 
nitroalcohols  which  can  oxidize  further  as  a  result  of  heating. 

Trent  and  Zucrow  [7]  attempted  to  study  the  self-ignition  mechan¬ 
ism  of  dicyclopentadiene  with  nitric  acid;  they  isolated  intermediate 
products  of  a  delayed  reaction  between  these  reagents. 

Dicyclopentadiene  ignites  spontaneously  when  mixed  with  1-2  ml  of 
nitric  acid,  but  if  90 %  HN0-,  is  added  carefully  in  very  small  portions, 
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drop-wise,  to  this  hydrocarbon,  it  is  possible  to  avoid  spontaneous 
ignition.  In  this  case,  there  is  an  exothermic  reaction  resulting  in 
the  separation  of  an  amorphous  dark-red  precipitate  which  may  be  iso¬ 
lated  and  studied.  When  this  substance  is  heated  to  160-200°,  an  ex¬ 
plosion  results;  with  the  addition  of  several  drops  of  nitric  acid, 
the  explosion  commences  as  low  as  100°.  The  same  reaction  may  be  pro¬ 
duced  in  a  solution  of  CCl^. 

When  dicyc lopentadiene  and  nitric  acid  are  reacted  in  a  solution 
of  carbon  tetrachloride,  solid  substances,  representing  products  of 
the  reaction  between  and  HNO^  were  separated.  Their  properties 

are  shown  in  Table  106. 


TABLE  106 

Composition  of  Reaction  Products  for  Nitric  Acid 
and  Dicyclopentadiene 


fii «rn  pc«rcHTo»,  # 

2m<ui»phoc 

OTHOMICHIIC 

CitHii :  HNO. 

(Xlpaaonajincb 
0  mrpanro 

“'PMIlfCIIM,  t 

43«“CMTapMnA  cocran,  %  . 

5  Temicp.irypa 
pa.iAOMriiHU 
(■cnuniKa),  *C 

Ci.lli, 

UNO. 

C 

H 

N 

O 

13,2 

6,3 

11 

3,8 

53,7ft 

4,69 

8,19 

33,33 

155-160 

13,2 

12,6 

12 

»,fi 

51,80 

4,73 

9,05 

34,42 

172 

13,2 

18,3 

10,4 

51,62 

4,85 

8,98 

200 

1)  Reagents  taken,  g;  2)  mole  proportion;  3)  solids 
formed,  g;  4)  elementary  composition;  5)  dissocia¬ 
tion  (flash  point,  °C. 


These  substances  clearly  contain  a  nitroether  group  and  a  nitro 
group.  They  most  likely  represent  high  nitrated  polymers  of  dicyclo¬ 
pentadiene,  since  the  latter  is  easily  polymerized  under  the  action  of 
nitric  acid. 

Experiments  designed  to  obtain  reaction  products  for  nitric  acid 
and  dicyclopentadiene  were  carried  out  in  a  250-ml  glass  flask  in 
which  were  placed  0.1  mole  of  dicyclopentadiene  in  a  solution  of  60  ml 
of  carbon  tetrachloride.  0.1  or  0.2  mole  of  99^  nitric  acid  was  added 
to  the  solution  drop-by-drop. 
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High-speed  photography  (at  a  rate  of  1500  frames  per  second)  of 
the  self -ignition  process  in  dicyclopentane  upon  mixing  with  nitric 
acid  showed  that  even  after  0.002  sec,  the  formation  of  a  solid  phase 
could  be  observed.  The  initial  ignition  of  the  vapors  above  the  liquid 
phase  was  observed  after  0.005  sec,  while  the  main  ignition  reaction 
developed  in  0. 025-0. 03  sec. 

High-speed  photography  of  the  self-ignition  process  in  other  fuels 
in  all  cases  revealed  an  initial  violent  boiling  of  the  mixture,  fol¬ 
lowed  by  the  appearance  of  isolated  ignition  sites  in  the  vapors  which 
combined  to  form  a  flame. 

The  addition  of  sulfuric  acid  to  the  nitric  acid  facilitates  the 
development  of  polymerization  reactions,  and  for  amines  favors  salt 
formation  and  acid  catalysis  in  general,  since  sulfuric  acid  is  stronger 
than  nitric  acid.  Thus,  the  addition  of  10-20$  of  concentrated  sul¬ 
furic  acid  to  nitric  acid  promotes  ignition  and  decreases  the  ignition 
lag. 

4.  Method  of  Investigating  Hypergollc  Propellants 

One  of  the  important  parameters  of  hypergollc  propellants  is  the 
ignition  lag,  measured  from  the  instant  of  contact  of  the  oxidizer 
with  the  combustible  to  the  appearance  of  the  flame.  The  ignition  lag 
should  not  exceed  0.03  sec.  The  shorter  the  time  elapsing  between  the 
start  of  fuel-component  supply  to  ignition,  the  lower  will  be  the  mass 
of  propellant  stored  in  the  motor,  the  less  the  pressure  developed  at 
the  instant  of  propellant  ignition,  and  the  easier  the  start. 

Electronic  equipment  is  used  to  determine  the  ignition  lag  of  pro¬ 
pellant  components  (oxidizer  and  combustible)  upon  contact.  Under  lab¬ 
oratory  conditions,  two  basic  methods  are  used  to  determine  ignition 
lag: 

1)  combining  the  two  propellant  components  in  the  vessel  of  a  mix- 
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Pig.  139.  General  view  of  in¬ 
stallation  for  determining  in¬ 
duction  .period.  1)  Vessel  with 
oxidizer;  2)  thermostat;  3) 
vessel  with  combustible;  4) 
rotating  mechanism;  3)  pulse 
generator;  6)  support. 


Pig.  140.  Circuit  of  pulse  generator  of 
recording  installation  for  determining 
ignition  lag.  l)  To  vessel  with  combus¬ 
tible;  2)  to  vessel  with  oxidizer;  3)  to 
sweep  generator.  R1)  1  Meg;  R  )  25,000 

ohms;  R^)  100,000  ohms;  C)  0.001  p,f;  L) 

tube;  E1)  67.5  v  (DC);  Eg)  1.5  v  (DC); 

Pj  and  Pg)  switches  (normally  open). 


ing-  or  drop-type  instrument; 

2)  causing  contact  of  jets  issuing  from  a  special  nozzle  in  a  jet 
instrument. 
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The  recording  equipment  may  be  quite  varied. 

Figure  139  shows  a  general  view  of  an  installation  for  determin¬ 
ing  ignition  lag  for  hypergolic  propellants  in  a  mixing-type  instru¬ 
ment  [8]  using  an  electronic  timer.  A  specific  quantity  of  oxidizer  is 
poured  into  the  cast  glass  vessel  1,  located  in  thermostat  2  at  the 
required  temperature.  The  combustible  is  in  vessel  3,  which  is  con¬ 
nected  to  a  rotating  mechanism.  Upon  rotation,  the  combustible  is 
poured  from  the  vessel  into  the  oxidizer,  following  which  self-ignition 
occurs. 

The  ignition  lag  is  assumed  to  be  the  time  elapsing  between  the 
touching  of  the  oxidizer  surface  by  the  combustible  and  the  appearance 
of  the  flame. 

The  timing  equipment  includes  a  pulse  generator,  cathode-ray  os¬ 
cilloscope,  and  a  photocell  with  amplifier  and  signal  generator. 

Figure  140  shows  the  pulse-generator  circuit.  At  the  instant  the 
combustible  makes  contact  with  the  oxidizer,  a  positive  charge  appears 
upon  the  control  grid  (the  cathode  is  connected  to  a  contact  touching 
the  oxidizer,  and  the  anode  to  the  combustible);  as  a  result,  there  is 
a  certain  voltage  jump.  This  pulse  is  applied  to  the  sweep  generator 
and  then  to  the  oscilloscope,  whose  screen  shows  a  horizontal  trace. 

The  photocell  and  amplifier  register  the  instant  of  appearance  of  the 
light  due  to  the  reaction;  this  causes  a  vertical  deflection  of  the 
cathode-ray  beam.  The  length  of  the  trace  from  the  initial  point  to 
the  first  vertical  deflection  is  a  measure  of  the  induction  period. 

The  oscilloscope  screen  is  photographed  continuously  with  the  aid  of  a 
special  photographic  attachment. 

Figure  l4l  shows  a  typical  oscillogram  for  a  propellant  consist¬ 
ing  of  fuming  nitric  acid  and  a  mixture  of  furfuryl  alcohol  (80$)  and 
aniline  (20$).  The  frequency  of  the  signal  voltage  is  200  cps,  and  thus 
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Fig.  141.  Oscillogram  obtained  in  deter¬ 
mination  of  the  self-ignition  period  of 
a  nitric  acid-furfuryl  alcohol  and  ani¬ 
line  propellant  at  temperature  of  20° 
(induction  period,  0.005*29  =  0.0145  sec). 
1)  Appearance  of  light;  2)  sec;  3)  Ini¬ 
tial  beam  position;  4)  points. 


ROMMimit 


Pig.  142.  Diagram  of  transducer  for  de¬ 
termining  Ignition  lag.  l)  Cylinder  for 
oxidizer;  2)  cylinder  for  combustible; 

3)  openings;  4)  weight  holder;  5)  weight; 
6  and  7)  electrodes  transmitting  pulse. 


the  distance  between  the  separate  points  corresponds  to  0.5  millisec. 
Consequently,  the  29  markers  of  the  oscillogram  correspond  to  an  induc¬ 
tion  period  of  14.5  millisec,  or  0.0145  sec.  8-10  determinations  are 
carried  out  in  order  to  obtain  an  average  result. 

Figure  142  shows  the  arrangement  of  a  new  design  for  a  mixer-type 
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transducer.  The  details  of  this  device  were  published  in  1955  [9]. 

The  outer  cylinder  contains  3  ml  of  oxidizer,  and  the  inner  cylin¬ 
der,  1  ml  of  combustible.  In  order  to  determine  the  ignition  lag,  the 
supporting  block  is  removed,  and  the  inner  concentric  cylinder  with 
the  combustible  is  forced  by  the  weight  to  drop  into  the  outer  cylin¬ 
der.  As  a  result,  the  oxidizer  and  combustible  are  mixed  through  the 
openings  in  the  inner  cylinder,  and  ignition  then  occurs.  At  the  in¬ 
stant  of  propellant  contact,  the  first  pulse  is  sent  out  by  electrode 
6,  while  the  second  pulse  is  sent  through  electrode  7  owing  to  the  ion¬ 
izing  effect  of  the  flame. 

Rocket-propellant  ignition-lag  determinations  are  made  in  an  ex¬ 
haust  hood,  since  oxides  of  nitrogen  and  nitric  acid  vapors  are  re¬ 
leased  upon  ignition  of  the  propellant.  Careful  precautions  must  be 
taken  to  prevent  spattering  of  acid  and  burning  propellant  particles, 
especially  since  in  some  cases  propellant  ignition  may  be  explosive  in 
nature. 

In  the  drop-type  instrument  [10],  one  of  the  propellant  components 
(the  combustible)  Is  added  by  means  of  a  special  dropper  to  the  second 
component,  located  In  a  small  quartz  crucible  (Fig.  143).  Along  the 
way,  the  drops  intercept  a  light  beam  that  falls  upon  a  photorecording 
camera.  Flashing  of  the  mixture  is  recorded  by  a  second  camera  with 
..he  aid  of  a  photocell.  The  ignition  lag  is  found  from  the  photographic 
data. 

With  the  aid  of  a  capacitor-type  pressure  transducer  and  associ¬ 
ated  equipment,  the  device  makes  it  possible  to  record  the  change  in 
pressure  in  a  special  chamber  to  which  the  propellant  components  are 
supplied  during  the  period  between  mixing  and  ignition. 

High-speed  photography  may  be  used  to  find  the  ignition  lag  in  a 
drop-type  instrument. 
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Fig.  143.  Diagram  of  dr op -type  instrument 
for  determining  ignition  lag.  1)  Nitric 
acidj  2)  self-igniting  combustible;  3) 
high-speed  camera. 


( 


10am 


J1?*  Diagram  of  jet-instrument  arrangement  for 
determining  lag  in  hypergolic  fuels,  l)  Jets  of 
oxidizer  and  combustible;  2)  electrical  sensor  re- 
cording  contact  of  jets  and  pulse  photocell;  3) 
photocell;  4)  cylinders  with  oxidizer  and  combus¬ 
tible;  5)  cylinder  with  compressed  air;  6)  pres¬ 
sure  gauge;  7)  compressor  line;  8)  additional  cyl¬ 
inders  with  propellant  components;  9)  solenoid 
valve;  10)  50  cps. 

High-speed  photography  has  shown  that  when  the  propellant  compo¬ 
nents  are  mixed,  violent  boiling  of  the  mixture  occurs  followed  by  ig. 
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nition  and  propagation  of  the  flame  from  the  ignition  sites,  which  ap¬ 
pear  in  isolated  points  of  the  vapor  cloud. 

Drop-type  instruments  have  evidently  not  found  wide  application. 

The  use  of  jet  devices  [10]  to  determine  ignition  lag  is  quite 
interesting,  since  the  mixing  of  the  propellant  components  occurs  in 
jets,  which  permits  the  experiment  to  be  set  up  under  conditions  ap¬ 
proaching  those  of  a  motor.  The  use  of  a  jet  device  makes  it  possible 
to  obtain  more  accurate  results  than  are  possible  with  a  drop-type  in¬ 
strument.  In  the  jet-type  instrument,  the  two  intersecting  oxidizer 
and  combustible  streams,  which  flow  out  from  capillaries,  form  a  com¬ 
plex  stream  at  their  intersection  with  Ignition  occurring  on  some  sec¬ 
tion  of  the  complex  stream.  The  length  of  the  composite  stream  is  pro¬ 
portional  to  the  ignition  lag.  The  ignition  lag  is  determined  with  the 
aid  of  a  recording  instrument  in  terms  of  the  time  elapsing  from  the 
instant  the  streams  combine  to  their  ignition. 

In  order  to  form  the  combined  stream,  each  of  the  capillaries 
serving  to  supply  the  propellant  components  may  be  raised  and  lowered. 

In  addition,  the  angle  between  them  may  be  varied  over  a  15  to  100° 
range.  The  capillaries  are  located  in  the  vertical  direction  by  clamp¬ 
ing  each  of  them  to  a  special  coupling  that  slides  along  two  guide 
rods.  In  order  to  fix  the  capillaries  at  the  precisely  specified  angle 
to  each  other,  the  guide  rods  are  fastened  to  arms.  One  end  of  each 
arm  is  fastened  along  a  common  axis  on  one  side  of  the  instrument.  The 
other  end  of  each  arm  slides  along  a  graduated  scale,  and  may  be  locked 
to  it  at  any  angle. 

The  propellant  components  are  kept  in  special  cylinders  connected 
with  the  capillaries  by  means  of  vinyl  chloride  tubes.  The  propellant 
is  supplied  with  the  aid  of  compressed  air  at  0.4-0. 6  atm  (gauge).  The 
compressed  air  is  supplied  from  constant-pressure  20-liter  cylinders. 
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The  gauge  pressure  is  reduced  with  the  aid  of  a  solenoid  escape  valve, 
and  is  recorded  by  means  of  a  mercury  manometer.  The  pressure  is  also 
automatically  raised  to  the  required  limit.  There  is  a  permanent  elec¬ 
trical  contact  in  the  manometer  column,  installed  at  a  predetermined 
pressure  used  in  the  electrical  system  to  maintain  the  pressure  auto¬ 
matically  (Pig.  144). 

The  instrument  is  actuated  when  compressed  air  is  supplied  through 
solenoid  valves  to  the  pressure  line  leading  to  the  propellant  tanks. 

The  propellant-component  flow  rate  is  regulated  by  varying  the 
diameter  or  length  of  the  capillaries,  and  also  by  changing  the  supply 
pressure.  The  capillaries  used  were  0.5  in  diameter  and  180  mm  long. 

In  this  case,  with  a  pressure  of  0.9  atm  (gauge)  the  supply  of  liquid 
amounted  to  1  g/sec.  The  flow  rate  of  each  propellant  component  was 
determined  in  a  separate  experiment  by  supplying  liquid  to  a  graduated 
cylinder  for  a  specified  time  interval. 

The  instrument  can  be  controlled  remotely;  control  centers  in  a 
small  distribution  panel  upon  which  there  are  three  switches  and  a  sig¬ 
nal  lamp.  The  main  switch  controls  both  supply  lines,  while  the  other 
two  control  the  supplies  of  combustible  and  oxidizer.  The  signal  lamp 
indicates  that  the  main  switch  is  closed. 

Preparation  for  measurements  amounts  to  establishing  the  flow 
rate  and  choosing  the  required  height  for  the  capillary  output  holes 
in  order  to  achieve  complete  mixing  of  the  streams. 

High-speed  photography  of  the  ignition  process  has  established 
that  boiling  of  the  liquid  fuel  in  the  jet  precedes  ignition.  The  pro¬ 
pellant  vapors  then  ignite  and  the  flame  propagates  along  the  jet  to 
the  point  at  which  the  components  merge  into  the  common  stream. 

Figure  145  is  a  photograph  of  a  jet  device  in  action. 

In  addition  to  the  standard  instruments,  special  small  laboratory 


-^5*  Operation  of  jet  Induction  meter 
with  jet  ignition. 


TABLE  107 

Ignition-Lag  Relationships 
98$  HNO^  Propellant 

for  Butylmercaptan  - 

Tempera¬ 

Chamber  pres¬ 

Ignition 

Nature  of 

ture,  °c 

sure,  atm 

lag,  sec 

process 

+22 

1 

0.035 

Combustion 

-37 

+21 

1 

0.060 

o.4o 

0.072 

Explosion 

ft 

+22 

0.065 

0.095 

II 

ZhRD  motors  are  employed  to  measure  ignition  lag;  they  have  a  thrust 
oi  about  25  kg  [11].  The  motor  chamber  is  made  from  a  transparent  plas¬ 
tic,  and  has  an  inside  diameter  of  50  mm.  There  are  two  jet  nozzles  in 
the  chamber  head;  they  produce  streams  intersecting  at  a  distance  of 
18  mm.  The  propellant  components  are  supplied  from  thermostat-controlled 
tanks  holding  100  and  200  ml  under  compressed-helium  pressure.  When 
pressure  is  applied  to  the  propellant  lines,  membranes  rupture,  and 
the  oxidizer  and  combustible  pass  through  them  to  the  combustion  cham¬ 
ber  where  they  ignite  spontaneously  upon  contact. 

In  order  to  study  the  self-ignition  process  under  high-altitude 
conditions,  the  nozzle  section  of  the  motor  is  connected  to  a  chamber 
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In  which  a  rarefied  atmosphere  is  set  up  corresponding  to  a  flight  al¬ 
titude  of  20-30  km.  The  processes  of  ignition  and  combustion  are  re¬ 
corded  with  the  aid  of  a  high-speed  camera  at  a  rate  of  6000  frames 
per  second. 

It  is  necessary  to  study  the  process  of  propellant  self-ignition 
at  low  pressures  in  order  to  develop  the  high-power  ZhRD  installations 
used  for  aircraft. 

For  a  propellant  consisting  of  butylmercaptan  and  9$  nitric  acid, 
the  data  shown  in  Table  107  were  obtained  for  the  Ignition  lag  as  a 
function  of  temperature  and  pressure. 

Both  at  low  temperature  and  low  pressure,  the  starting  of  a  liq¬ 
uid  engine  is  hindered,  although  the  difficulties  arising  may  be  over¬ 
come. 

5.  Composition  of  Hypergollc  Propellants  and  Their  Characteristics 

As  we  have  already  stated,  systems  based  upon  organic  compounds 
(amines^  heterocyclic  compounds,  etc.)  and  nitric  acid  may  be  used  as 
hypergollc  propellants. 

Table  108  gives  the  Ignition  lags  for  several  combustibles  with 
98$  nitric  acid  [12]. 

In  order  to  determine  the  mean  value  with  an  induction  meter,  7-8 
parallel  experiments  are  carried  out.  Experiments  indicate  that  alkyl¬ 
ation  of  aniline  in  an  amino  group  increases  the  ignition  lag.  Furfuryl 
alcohol  has  the  least  ignition  lag,  and  may  be  used  as  a  base  for  hy- 
pergolic  fuels  in  combination  with  amines. 

The  diene  hydrocarbon  dicyclopentadiene  has  the  shortest  ignition 
lag  with  nitric  acid. 

Using  samples  of  basic  self-igniting  combustibles  such  as  furfuryl 
alcohol  and  aniline,  and  also  a  sample  of  a-methylpyrrolidine,  a  study 
has  been  made  of  the  effect  of  combustible-component  relationships, 
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TABLE  108 

Ignition  Lags  for  Various  Combustibles  with  Con¬ 
centrated  Nitric  Acid  [12] 


1  r«pM<« 


2  *op«y«a 


3  3jacpmm  canoiiocimtitiicHM.  ecu. 


4  ♦ytxJiypMotMfl 

cniipr 

5  Aiiiuihh 

6  McmaamuwK 

7  ZIhjtiuiihhjihh 

8  a-MenwnHppojiH- 

JtHtl 


9  HiminuionciiTa* 
Alien 

10  HiiumuionmaAneii: 

11  c  5%  ucjianwa 

12  c  15%  MCAamna 


II 


Hj— OH 


C.H.NH, 

C,H»NHCH, 

C,H, 

C,HiN^ 

C,H, 

HiC - CH, 

H,i  Ah-ch, 
snh/ 

Ci»Hh 


0,012 

0,062 


2 

onvr 

33- 


0,013 


3 

onur 

-13 


4 

onwT 

13 


0,012 


0,054  0,058  0,065 


0,0870,131 

0,0590,050! 


0,012 


0,0720,0880,01100,078 


0.050  0,056  0,064 


t 

onur 

-J3 


0,012 


0,063 


c 

OflWT 

21 


0,011 


7 

onwT . 

-33 


,i  14 


S  s 
J 7  *  t» 


0,012 


0,00510, 069 


0,051 


0,012 


0,1630,153 


10,006 


1,065 


0,061 

0,115 

0,059 

[0,044 


0,032 

0,025 

[0,011 


1)  Combustible;  2)  formula;  3)  Ignition  lag,  sec; 

7 1  f3-c°h°3j  5)  aniline;  6)  methylaniline; 

7)  diethylaniline;  8)  a-methylpyrrolidine;  9)  di- 
cyclopentadiene;  10)  dicyclopentadiene;  11)  with 
5#  melange;  12)  with  15#  melange. 


temperature,  and  nitric-acid  concentration  upon  the  ignition  lag.  The 

physicochemical  properties  of  the  self-igniting  components  are  given 
below: 


1 

Oyp^ypH^onuA 

Ahiuiih 

<*Mctha*  3 

cfiHpr 

2 

OHppOAIIAHH 

4  MtwioKy/inpHHH  bcc  08,1 

93,8 

85,0 

5  rijIOTHOCTb  .  . 

.  •  1,133 

1,022 

0,804 

6  T.  nji.,  *C  .  . 

-30 

-6,2 

7  T.  KHrii,  *C  .  . 

.  170 

189,4 

81,8 

1)  Purfuryl  alcohol;  2)  aniline;  3) 
a-methylpvrrolidine ;  4)  molecular 
weight;  5)  density;  6)  melting  point, 
°C;  7)  boiling  point,  °C. 


Figure  146  shows  the  change  in  the  ignition  lag  with  nitric  acid 
as  a  function  of  mixture  composition  for:  furfuryl-alcohol -aniline, 
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a-methylpyrrolidine-aniline,  furfuryl  alcohol-a-methylpyrrolidine,  and 
also  for  mixtures  containing  all  three  components  (Fig.  147). 

The  ignitiun  lag  does  not  vary  additively  with  mixture  composi¬ 
tion,  but  is  characterized  by  concave  curves  with  a  minimum  for  a  spe¬ 
cific  composition.  This  minimum  occurs  for  the  following  mixtures: 

Content,  % 

’  r  lag,  sec 

1.  Furfuryl  alcohol .  60-70  0.008 

Aniline .  30-40 

2.  Methylpyrrolidine .  70-80  0.009 

Aniline .  20-30 

3.  Furfuryl  alcohol .  30  0.012 

Methylpyrrolidine .  70 

Three-component  mixtures  of  combustibles  do  not  have  more  favor¬ 
able  ignition  lags  than  two-component  mixtures.  Curves  for  these  sys¬ 
tems  are  plotted  from  points  found  as  averages  from  ten  determinations. 

The  nitric-acid  concentration  has  a  substantial  effect  upon  the 
Ignition  lag.  Acid  concentration  has  the  greatest  effect  for  the  less 
active  combustibles  such  as  furfuryl  alcohol  as  compared  with  the  com¬ 
bustible  consisting  of  20$  aniline  and  80$  furfuryl  alcohol.  Nitric 
acid  concentration  in  the  96-99$  range  has  no  noticeable  effect  upon 
the  induction  period  at  normal  temperature. 

With  a  drop  in  the  temperature  of  the  propellant  components,  the 
ignition  lag  rises  to  various  degrees  depending  upon  the  activity  of 
the  combustible.  Figure  154  shows  the  variation  in  the  Ignition  lag 
for  a  mixture  of  furfuryl  alcohol  (80$)  with  aniline  (20$)  and  93*5$ 
nitric  acid,  depending  upon  temperature  in  the  -30  to  30°  range.  For 
self-igniting  combustibles  to  be  used  in  ZhRD,  the  ignition  lag  with 
nitric  acid  should  not  exceed  0.03-0.04-0.05  sec  at  -30,  -40°  [9]. 

The  increase  in  ignition  lag  with  decreasing  temperature  is  con¬ 


nected  both  with  the  lower  rate  of  chemical  reaction  and  with  the  in- 
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creasing  viscosity  of  the  mixture  components,  which  impairs  mixing. 

The  quality  of  component  mixture  has  a  large  influence  upon  self¬ 
ignition.  Thus,  where  the  concentrated  nitric  acid  is  suppli«dHrc--the 
combustible  in  the  form  of  drops  of  various  sizes,  a  decrease  in  acid 
drop  size  below  5  mm  will  lead  to  an  increase  in  the  ignition  lag  (es¬ 
pecially  at  low  temperatures). 

In  addition  to  the  hypergolic  furfuryl  alcohol-aniline  propellant, 
a  hypergolic  triethylamine-m-xylidine  propellant  has  found  employment. 
Technical  xylidine  is  obtained  from  m-xylol,  and  contains  50-60#  of 
the  2, 4-dime thylanlline  isomer: 

CH, 

CH, 

NH- 

Figure  148  shows  the  influence  of  the  triethylamine  and  xylidine 
proportions  upon  the  ignition  lag  with  98.8#  nitric  acid.  Minimum  lag 
is  observed  where  the  mixture  contains  60#  triethylamine  and  40#  xyli¬ 
dine  by  volume. 

These  compounds  have  the  following  physical  properties: 

'  i.Tcnjior.i  ntjpa- 

1  yAMbiiuA  2t,m„»C  j  T,Kin„'C  e  300.1  Him  1 

BCC  KMAfMOAl 

TpiUTiiJUMiiH  .  .  0,729  —114,8  89,5  +42,33 

Kciijiiiaiiii  (2,4* 

AiiMCTiMiaiiitJmii)  .  0,978  —  213  +46,2 

Aiiiiaiih  .....  1,022  —  6,2  154  —7,08 

$yp<t>ypu;ioDbm 

cmtpT  ....  1,13  —32  171  +63,1 

l)  Specific  gravity;  2)  melting  point,  °C; 

3)  boiling  point,  °C;  4)  heat  of  formation, 
kcal/mole;  5)  triethylamine;  6)  xylidine 
(2,4-dimethylaniline ) ;  7)  aniline;  8)  fur¬ 
furyl  alcohol. 


Optimum  mixture  composition  will  correspond  roughly  to  the  equi¬ 
librium  relationship  of  the  two  substances. 
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A  hypergolic  propellant  having  a  low  ignition  lag  (0.02  sec)  may 
be  obtained  from  mixtures  of  triethylamine  and  aniline  with  98.8#  nit¬ 
ric  acid  (Pig.  149). 

The  effect  of  nitric  acid  composition  upon  the  ignition  lag  of  a 
combustible  consisting  of  60$  by  volume  of  triethylamine  and  40$  by 
volume  of  xylidine  is  shown  in  Fig.  150. 

The  ignition  lag  for  the  triethylamine -xylidine  propellant  called 
"Tonka-250"  in  the  literature  can  be  decreased  by  introducing  cata¬ 
lysts  into  the  nitric  acid:  salts  of  iron,  copper,  nickel,  chromium, 
etc.  [12]. 

Figure  151  shows  the  effect  of  the  amount  of  catalyst  added  to 
96.4$  nitric  acid  upon  the  ignition  lag  of  this  fuel. 

A  mixture  of  dissolved  salts  having  the  composition  Fe  -  75$, 

Cr  -  15$,  Ni  -  10$  is  added  to  the  nitric  acid  as  a  catalyst. 

For  nitric  acid  containing  up  to  1$  of  the  catalyst  (in  the  form 
of  a  metal),  the  ignition  lag  drops  from  0.021  to  0.013  sec. 


Fig.  148.  Influence  of  composition 
of  the  self -igniting  combustible  tri- 
ethylamine-xylidine  on  self-ignition 
lag  with  98.8$  nitric  acid.  1)  Lag, 
m/sec;  2)  parts  by  volume;  3)  xyli¬ 
dine;  4)  triethylamine. 


Fig.  149.  Influence  of  composition  of 
self-igniting  trlethylamine-aniline  com¬ 
bustible  on  self-ignition  delay  with 
98.8$  nitric  acid.  1)  Lag,  msec;  2)  parts 
by  volume;  3)  aniline;  4)  triethylamine. 


Fig.  150.  Influence  of  nitric - 
acid  concentration  on  self-igni¬ 
tion  lag  of  combustible  consist¬ 
ing  of  60#  (C2H5)3N  and  40$ 

( CH3 ) sCgH^NHg .  1)  Lag,  msec. 


Fig.  151.  Influence  of  amount  of 
catalyst  on  self-ignition  lag  of 
propellant  consisting  of  96.4$ 
nitric  acid  and  a  60-40  mixture 
of  triethylamine  and  xylidine.  l) 
Lag,  msec;  2)  grams  of  metal  per 
liter  of  acid. 


Fig.  152.  Influence  of  amount  of  iron 
dibutylnaphthalene  sulfonate  in  solution 
of  combustible  [(CgH^N  -  60$, 

(CH3 -  40$]  on  self-ignition 

lag  with  98.8$  nitric  acid,  l)  Lag,  msec; 
2)  iron  salt,  g;  3)  iron,  g. 

-  434  - 


A  similar  effect  may  be  achieved  by  adding  iron  salts  of  a  sulfo 
acid  to  a  mixture  of  xylidine  with  triethylamine;  the  salts  are  dis¬ 
solved  in  this  combustible.  Iron  dibutylnaphthalene  sulfonate 
[(^4^9)2^10^5^3 usec^  for  this  purpose. 

To  achieve  the  same  effect,  it  is  necessary  to  introduce  up  to  8 
of  Pe  per  liter  of  combustible  (Pig.  152). 

The  use  of  nitric  acid  activated  by  catalysts  (metals)  evidently 
makes  it  possible  to  create  inexpensive  self-igniting  combustibles  - 
mixtures  of  amines  with  petroleum  products. 

Thus,  the  mixture  consisting  of  60$  xylidine  and  40$  kerosene  ig¬ 
nites  spontaneously  with  95$  nitric  acid  containing  1$  iron,  with  an 
ignition  lag  of  0.034  sec. 

Table  109  shows  the  ignition  lag  for  such  mixtures. 


TABLE  109 

Ignition  Lag  for  Mixtures  of 
Xylidine  with  Kerosene  and  95$ 
Nitric  Acid  with  1$  Iron 


1  Coctab  roptoicro,  %• 

flcpilOJl  3.WPWKK 

2  KCH.lMAHIt 

3  Kcpocitli 

tanonocn/uMCHO* 

4  HUH*  CCK. 

100 

0,018 

80 

20 

0,020 

75 

25 

0>021 

70 

30 

0,022 

05 

35 

0,028 

GO 

40 

0,034 

50* 

50* 

0,040 

70  6 

30%aDTo<3cii3iilia 

0,047 

5  (TpilJTIIflaMHH 

30 

0,043 

kchjiiuiih)  —70 

*The  propellant  does  not  ignite 
without  a  catalyst. 

1)  Composition  of  combustible; 

2)  xylidine;  3)  kerosene;  4) 
ignition  lag,  sec;  5)  (tri¬ 
ethylamine  xylidine);  6)  motor 
fuel. 


Self-igniting  combustibles  may  be  obtained  by  adding  40-50$  of 

-  434a.- 


^nH2n+1^2  and  ^nH2n+1^3^  altylphosphines  to  kerosenes.  If  prod¬ 
ucts  of  pyrolysis  are  used  as  the  hydrocarbon  component,  25-30#  alkyl- 
phosphine  is  sufficient.  The  mixture  consisting  of  30#  hexylphosphine 

C6H13PH2  and  Pyrolysis  products  ignites  spontaneously  at  -40°  with 
a  lag  of  0.04  sec. 

The  results  of  interesting  investigations  dealing  with  a  direct 
determination  of  the  ignition  lag  for  reaction  fuels  of  various  compo¬ 
sition  in  chambers  of  liquid  reaction  engines  have  been  published  [13]. 

Table  110  shows  the  results  of  these  investigations. 

Such  primary  aromatic  amines  as  aniline  and  xylidine  when  added 
to  furfuryl  alcohol  reduce  the  ignition  lag  of  the  combustible  with 
nitric  acid.  Tertiary  amines  in  both  the  aromatic  and  aliphatic  group 
increase  the  ignition  lag. 

During  the  Second  World  War,  employees  of  the  I.G.  Farbenindustrie 
Company  of  Germany  developed  self-igniting  combustibles  consisting  of 
cyclohexylamine  and  aniline  [12].  As  a  result,  recipes  were  proposed 
for  combustibles  which  with  96-98#  nitric  acid,  activated  by  iron,  ig¬ 
nite  spontaneously  at  -40°.  The  composition  and  properties  of  these 
combustibles  are  given  below. 


Content,  # 

"Hypergol-10" 

"Hypergol-l4" 

cyclohexylamine . 

50.5 

48.7 

aniline . 

27.2 

26.5 

crude  benzene . 

22.3 

tetralln  . 

24.8 

Pour  point,  °C . 

-4o 

-40 

Viscosity  at  -40°,  centi- 
stokes . 

20 

36.8 

Heating  yield,  kcal/kg. . . . 

1427 

— 

Of  the  well-known  self -igniting  combustibles, 

the  following  reel- 

deserve  the  most  attention: 

I.  Furfuryl  alcohol 

-  70#,  aniline  - 

30#  (Figs.  153  and  154).  II.  Triethylamine  -  50#,  xylidine  -  50#. 
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TABLE  110 

Effect  of  Combustible  Composition  (Furfuryl  Alco¬ 
hol-Amines)  upon  Ignition  Lag  with  98$  Nitric  Acid 
in  Chamber  of  ZhRD  [ 13 ] 


1  Topume 

2 

Co- 

Jlopx.v 
HMC,  % 

4 

3  4>npMyjia 

0 

C2cS 

.  -i  «l 

2  5  ■  S 

*  «*  -  0 

Hyrtypnjioaufi  cnnpt . 

•  CH,  —  Oil 

0,033 

1.21 

1 

0 

Oyp^ypKJWBWii  cnnpt . 

1r> 

NH, 

I 

0,018 

1,31 

Amiijiiim . 

25 

|TJ_ch1-.oih-Q 

TonyiiAitH . 

25 

Nil, 

0,037 

1,32 

Dyp^ypiMODuit  cmipr . 

75 

Jv  /*tl 

O 

AHMCTlIJiaiUMIIIII . 

25 

d)H,— N  —  CH, 

0.09C 

1,41 

:  yypiMoouA  cniipT . 

75 

0:-U-CiPH 

0 

25 

75 

CH, 

0  020 

1  Aft 

i  -  IlplIAOOtJM  ClllipT . 

1 

Ni  l,  _ 

(JI-CH,  T  l^jl-ClljOH 

0 

Kciijiiiaimi . 

50 

To  MC 

0,027 

1,5  L 

fyp^ypnjioDbm  cniipT . 

50 

HioTiiAantiJiiiii . 

25 

C,H,-N-C,H, 

0,055 

1.17 

C>yp(j)npiMoaufl  cniipT . 

75 

1 

0  ivJ-CH,OH 

O 

T  piOTII  Aa  Mill! . 

25 

0,001 

1.75 

<t>yp(|>ypH*>ouii  cnnpt . 

.75 

N(QII,),  i\J—  CHjOH 

i 

16 

1 

1 


1)  Combustible;  2)  content,  $;  3)  formula;  4)  ig¬ 
nition  lag,  sec;  5)  oxidizer-combustible  ratio;  6) 
furfuryl  alcohol:  7)  furfuryl  alcohol;  8)  aniline; 
9)  toluidine;  10)  furfuryl  alcohol;  11)  dimethyl- 
aniline;  12)  furfuryl  alcohol;  13)  xylidine;  14) 
furfuryl  alcohol;  15)  xylidine;  16)  furfuryl  alco¬ 
hol;  17)  diethylaniline;  18)  furfuryl  alcohol;  19) 
trie thy lamine;  20)  furfuryl  alcohol. 


The  second  combustible  is  known  under  the  name  "Tonka-250. " 
Together  with  concentrated  nitric  acid,  combustibles  I  and  II  ig¬ 
nite  with  an  ignition  lag  of  less  than  0.03  sec.  They  are  characterized 
by  acceptable  physicochemical  properties,  and  they  may  be  produced  on 
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an  adequate  scale  from  available  raw  materials. 

It  is  known  that  the  self-igniting  furfuryl  alcohol-aniline  com¬ 
bustible  was  initially  utilized  (1952)  as  the  starting  combustible  in 
the  American  interceptor  rocket  "Nike-1."  It  was  placed  in  the  main 
combustible  line,  and  provided  instantaneous  starting  of  an  engine 
that  uses  a  nonself-igniting  combustible  [14], 

In  view  of  the  fact  that  this  combustible  frequently  became  gummy 
upon  extended  storage,  it  was  replaced  by  an  improved  self-igniting 
combustible  -  dimethylhydrazine  (see  below). 

In  order  to  expand  the  propellant  raw-material  base,  in  many  cases 
petroleum  products  or  other  hydrocarbon  components  are  added  to  a  self- 
igniting  synthetic  combustible. 

In  this  case,  it  is  necessary  to  increase  the  activity  of  the  ox¬ 
idizer  or  combustible,  which  is  done  by  adding  activators  or  catalysts. 


Pig*  153*  Influence  of  nitric- 
acid  concentration  on  self- 
ignition  lag  with  various  com¬ 
bustibles.  1)  Furfuryl  alcohol; 
2)  80%  furfuryl  alcohol  and  20$ 
aniline.  A)  Self-ignition  lag, 
msec;  B)  HNO^  concentration,  % 

by  weight. 


Thus,  the  addition  of  10#  sulfuric  acid  to  98#  nitric  acid  in¬ 
creases  its  activity  with  respect  to  the  self- ignition  reaction.  With 
such  nitric  acid,  it  is  possible  for  turpentine,  which  basically  con¬ 
sists  of  a-pinene,  to  ignite  spontaneously.  With  standard  nitric  acid, 
turpentine  will  not  ignite  spontaneously. 

The  greatest  activity  is  shown  by  an  oxidizer  consisting  of  nit¬ 
ric  acid,  sulfuric  acid,  and  perchloric  acid  (14):  HNO^  -  89#,  H^SO^  - 
1#,  HClCfy  -  10#  (specific  gravity  1.615). 

Turpentine  will  ignite  spontaneously  with  this  oxidizer,  even 
when  mixed  with  kerosene,  alcohols,  or  acetone.  Aniline,  xylidine,  and 
furfuryl  alcohol  ignite  spontaneously  with  a  HNO^-HCIO^  oxidizer,  with 
a  short  lag. 


Furfuryl  alcohol 

Xylidine . 

Aniline . 


Ignition  lag,  sec 


Nitric  acid 
(98#) 

0.021 

0.062 

0.06 


Mixture  of 
nitric  acid 
(90#)  + 
perchloric 
acid  (10#) 

0.005 

0.03 

0.03 


For  a  residual  pressure  of  250  mm  Hg  and  a  temperature  of  -38°, 


furfuryl  alcohol  Ignites  spontaneously  with  an  oxidizer  containing  per¬ 


chloric  acid,  with  a  lag  of  0.013  sec. 


It  has  been  proposed  that  a  mixture  of  pyrrole  and  ethylenelmine  be 


used  as  a  self-igniting  combustible  with  nitric  acid,  having  a  very 
short  lag  at  low  temperatures. 


The  mixture  of  pyrrole  and  ethylenelmine  has  a  low  pour  point  and 
an  Ignition  lag  that  is  less  than  that  for  any  of  its  components: 
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1  Hippo*,  %  29nu»MN.M,%  3  Tt-nepiryp.  ksmtmnenmatnaf 

MCTUMUKI,  *C  MCNCN^U,  Celt. 

0,009  (rt^u  24*) 
0,007  (npii  24*) 
0,011  (npit— 40*) 
0,008  (npi»— 40*) 

1)  Pyrrole,  %;  2)  ethyleneimlne;  3)  pour 
point,  °C;  4)  ignition  lag,  sec. 


90 

10 

-33 

80 

20 

-30 

80 

20 

75 

25 

— C2 

Recently  [14]  Information  has  appeared  on  hypergolic  propellants 
based  upon  nitric  acid,  oxides  of  nitrogen,  and  combustibles  contain¬ 
ing  hydrazine  and  methylhydrazine  as  the  active  initiators  of  self¬ 
ignition.  Thus,  the  ignition  lag  for  a  hydrazine-aniline  propellant 
with  nitrogen  tetroxide  varies  as  a  function  of  composition  as  follows 


1  COACPMJNHC,  •/, 

3  |4  ANN4IIII 

2 ricpilOA  JJJKPWKM  CIN»* 
■ocri/uncneiiiii 
e  N,0«.  cck. 

0 

101) 

0,35 

20 

80 

0,003 

60 

40 

0,012 

80 

20 

0,076 

1)  Content,  %;  2)  ignition  lag 
with  NgO^,  sec;  3)  hydrazine; 

4)  aniline. 


Fig.  154.  Influence  of  temperature  on 
self-ignition  lag  of  propellants.  1) 
S^ic  acid  93.5^)  +  furfuryl  alcohol; 
2)  nitric  acid  (93.5^)  +  mixture  of  fur- 
furyl  aicohoi  (80%)  with  aniline  (20%). 

turee^^c^n^^^°n  rasec>  tempera- 
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As  the  data  given  shows,  the  addition  of  20#  hydrazine  to  aniline 
decreases  the  ignition  lag  by  nearly  a  factor  of  ten. 

Triethylamine,  which  enters  into  self-igniting  combustibles,  is 
obtained  by  amination  of  ethyl  alcohol  by  ammonia  under  a  pressure  of 
40-50  atm  and  at  a  pressure  of  300-400°  over  a  catalyst  containing  ox- 
ides  of  aluminum,  tungsten,  etc. 

The  reaction  occurs  with  the  formation  of  all  three  possible 
amines: 

CjHjOH  +  Nil,  -» C,HjNH,  +  H,0 

2  CjHtOH  +  NH3  -*  (CjH,),NH  +  2  H,0 

3  CjHjOH  +  NHj  -  (C,H,)jN  +  3  H,0. 

The  mixture  of  amines  contains  from  5  to  20#  triethylamine.  After 
separation  of  water  and  the  unreacted  ammonia,  the  mixture  of  amines 
is  disproportionated  in  order  to  convert  the  mono-  and  diethylamines 
to  triethylamine.  This  reaction  is  carried  out  at  350°  under  a  pres¬ 
sure  of  20-50  atm  over  aluminum  oxide,  and  is  promoted  by  metals. 

The  following  reactions  occur  here: 

C,H|NH,  +  CjHjNH,  Z  (C*H»)*NH  +  NH, 

(CiH,),  NH  +  (CjHt)aNH  Z  (C.H.),  N  +  C,H»NH,. 

The  amine  mixture  consisting  of  (C^N  -  35-36$,  (cy^NH  - 
36-38$,  CgHglfflg  _  24-26$,  is  distilled. 

Triethylamine  boils  at  a  temperature  of  89. 5°,  diethylamine  at  58°, 
and  monoethylamlne  at  19°. 

In  Germany,  an  interesting  method  has  been  developed  for  synthe¬ 
sizing  triethylamine  by  the  combined  hydration  of  acetonitrile  and  ace¬ 
taldehyde.  The  basic  reaction  may  be  represented  by  the  equation 

0 

jsjj 

CH,  —  C  -  N  +  2CHj  -  C  -f-  4H2~?  (QH,),  N  4-  2H,0. 

H 

The  amine  mixture  obtained  from  this  reaction  contains:  triethyl - 
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amine  -  62$,  diethylamine  -  24$,  ethylamlne  -  14$. 

Acetaldehyde  is  produced  by  direct  synthesis  from  ethylene  and 
oxygen: 

0 

PdCI,  / 

C,H4  -I-  V,0,  — -CH,  -  C 

\ 

Acetonitrile  may  be  obtained,  with  a  good  yield,  from  ammonia 
pentane: 

400* 

C»H„  +  NH, - ►  CH,  -  C  a  N  +  3C+  6H,. 

MoO, 

Triethylarnine  is  also  obtained  from  acetaldehyde  and  ammonia  at 
150°  over  a  nickel-chromium -containing  catalyst  at  atmospheric  or 
slightly  elevated  pressure: 

0 

/ 

3CH,  -  C  +  NH,  +  2H,  -  (C,H4),N  +  3H,0‘. 

H 

In  practice,  an  amine  mixture  is  formed  which  is  disproportionated. 

U.P.  Vatsulek  has  described  the  direct  synthesis  of  a  mixture  of 
ethylamines  from  ethylene  and  ammonia  under  the  catalytic  effect  of 
metallic  sodium  or  its  hydride: 

,oo-  CH,  —  CH,  —  NH, 

CH,  =  CH,  +  NH, - *  (CH,  -  CH»),NH 

8=0-080  am  (CH,  _  CH,),N 

Diethylene triamine  which  has  recently  been  mentioned  as  a  compo¬ 
nent  of  hypergollc  propellants  is  obtained  by  reacting  dichloroethane 

and  ammonia  under  a  pressure  of  40-50  atm  at  180°: 

H,NC,H4NHC,H4NH, 

/ 

C1C,H4C1  +  NH, 

\ 

triethylenepentamine,  etc. 

The  yield  of  diethylenetriamine  amounts  to  40-50$. 

Fur fury 1  alcohol  which  is  contained  in  certain  self-igniting  com- 
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bustibles  is  obtained  from  furfurole,  and  the  latter  by  hydrolysis  of 


pentosan: 


.  I »|S04 

(QHjOj)^  4*  a'M,0 — ►  x  C»Hj0O» 
o  V 


_  0  _ 

+  Hi  -  (^J-CH.-Oll. 

0  V  o 


Pentosanes  are  contained  in  agricultural  wastes:  straw,  sunflower 


hulls,  etc. 

The  intermediate  product,  furfurole,  is  used  in  the  manufacture 
of  plastics. 

Alkyl  derivatives  of  hydrazine  are  used  as  active  components  <n 
hypergollc  fuels:  methylhydrazine,  symmetric  dime thy lhydrazine,  and 
unsymmetric  dimethylhydrazine,  which  is  now  receiving  a  great  deal  f 
attention. 

The  physicochemical  properties  of  the  substances  [15]  are  given 
below: 


1  COCJIHHCHHC 


8  McTiwriiapaatiH 

9  ClIMMCTpilMHUfl 
AiiMeTiuiriiApa3H!i 


10  UCCIIMMCTpimHblfi 

fll(MeTHflrHflpa3HH 

11  fHapaaim 


CHiNHNHi 


II, C 
\n'NI 
H,C 

HjNNHj 


rblOTIIOCTfc 
npii  :’5* 

4t. 

•c  *c 

Stcvi\oj3 

oCp.n'in.iiiiiH, 

KKQA/e-  MClAb 

7  Tc  u.iorn 
ropriiu*. 

KKa.ile-.voAh 

0,871 

— 32 ,  4 

87,5 

-12,7 

311,7 

0,827 

-8,9 

81,5 

-12,2 

'  473,5 

0,783 

-52 

G3,l 

-11,3 

472,0  . 

1,00 

+2,0 

113,5 

-12,0 

148,0 

I)  Content;  2)  formula;  3)  density  at  25°;  4)  melt¬ 
ing  point,  °C;  5)  boiling  point,  °C;  6)  heat  of 
formation,  kcal/g-mole;  7)  heat  of  combustion, 
kcal/g-mole;  8)  methylhydrazine;  9)  symmetric  di¬ 
methylhydrazine;  10)  unsymmetric  dimethylhydrazine; 

II)  hydrazine. 


It  has  been  proposed  that  pheny lhydrazine  CgH^NHNHg  [16]  be  used 
as  a  component  of  self -igniting  combustibles  for  fuels  based  on  nitric 
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acid,  oxides  of  nitrogen,  and  tetranitrome thane.  A  combustible  consist¬ 
ing  of  a  solution  of  anhydrous  hydrazine  in  aniline  has  been  suggested 
for  this  purpose. 

It  is  evident  that  any  interest  presented  by  hydrazine  and  methyl- 
hydrazines  will  lie  outside  the  framework  of  propellants  based  on  nit¬ 
ric  acid  and  hydrogen  peroxide. 

Propellants  based  on  hydrazine,  dimethylhydrazine,  oxygen,  anu 
fluorine  show  very  good  energy  characteristics. 

In  this  connection,  production  of  hydrazine  and  dimethylhydrazine 
has  expanded  in  the  United  States  during  recent  years. 

Hydrazine  is  obtained  from  ammonia  and  hypochlorite: 

NHj-J-  NaOCl  -*•  NH,C1  +  NaOH 
NHjCl  +  HNH,  - HaN  -  NH2  +  HCl 
NaOH  +  HCI-*NaCl  +  HaO. 

Various  methods  are  used  to  obtain  dimethylhydrazine  on  an  indus¬ 
trial  scale  [17].  It  may  be  obtained  from  dimethylamine  and  ammonia 
with  the  aid  of  sodium  hypochlorite.  In  the  first  stage, “the  ammonia 
and  sodium  hypochlorite  produce  chloramine,  while  the  chloramine  and 
dimethylamine  then  produce  dimethylhydrazine: 

NHj-l-  NaOCI-NH.CI; 

(CHj)jNH  +  GNU*  ->  (Cl  J,)SN  -  NMj  +  HCl. 

Dimethylamine  may  be  obtained  by  alkylation  of  ammonia  by  methyl 
alcohol: 

2  CH,OH  +  Nl  I3  —  (CH,),NH  +  2  H,0. 

In  another  method,  nitrosamine  is  obtained  from  the  dimethylamine; 
the  nitrosamine  is  then  reduced  further  to  dimethylhydrazine: 

(CH,)jNH  +  NaNO,  +  HCl  ->  (CH3)2N  -  NO  +  NaCl  +  H20; 

(CH3)aN  —  NO  -p  3Hj  — *  (CHj)jN  —  NHj  -f-  H20. 

After  removal  of  water  and  distillation  of  the  reaction  mass,  °9/° 
pure  dimethylhydrazine  is  obtained. 
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Dlmethylhydrazine  has  a  molecular  weight  of  60.08,  a  viscosity 
n  =  0.586  centipoises,  a  heat  capacity  Cp  =  O.653,  a  heat  of  formation 
of  187  kcal/kg,  a  heat  of  combustion  of  7866  kcal/kg,  a  latent  heat  of 
vaporization  of  193  cal/g,  a  critical  temperature  of  249°,  and  a  crit¬ 
ical  pressure  of  60  atm.  The  autoignition  temperature  of  dime thy lhydra- 
zine  with  air  is  250°.  It  mixes  with  water  and  gasoline  in  all  propor¬ 
tions,  and  is  toxic,  although  it  is  not  a  poison;  great  care  should  be 
exercised  in  working  with  dlmethylhydrazine. 

The  technical  specifications  for  dlmethylhydrazine: 

Content  of  unsymmetrlc  dime thy lhydra- 


zine  no  less  than .  98$ 

Specific  gravity .  O.783-O.786 

Melting  point .  _52° 

Fractionation: 

10$  distillation  temperature .  61.5° 

90$  distillation  temperature .  64.5° 


It  is  known  that  dlmethylhydrazine  is  used  together  with  oxygen 
in  the  second-stage  motor  for  the  United  States  "Vanguard"  space 
rocket,  which  produces  a  thrust  of  8  tons. 

In  the  United  States,  dlmethylhydrazine  is  used  as  a  starting  com¬ 
bustible  for  the  "Nike"  surface-to-air  rockets;  it  is  added  to  the 
kerosenes  employed  in  the  ZhRD  with  nitric  acid  in  order  to  activate 
the  combustion  process. 


The  following  self-igniting  combustible  mixtures  based  on  dimethyl- 
hydrazine  are  recommended  (in  $): 


Aerozin 

Khaydin 


( H;N  —  N  (CH,i)j . 

iHjN-NH, . 

|HaN  -  N  (CHJ, . 

{  ''CjHjNHj 


50 

50 

GO 

40 


This  combustible,  together  with  nitric  acid  containing  15$  oxides 
of  nitrogen,  develops  the  following  specific  impulse  (in  sec)  for  a 
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differential  p/pQ  =  50 : 

RP-1  kerosene  +  nitric  acid .  247 

Aerozine  "  "  .  257 

Khaydin  "  "  .  253 


TABLE  111 


Ignition  Lag  of  Propellants  Based  upon  Hydrazine 
and  Nitric  Acid  in  a  Small  Rocket  Motor  [13] 


1  ropnsec 

2  Oopwy/u 

1 

^Tcwnc  pj. 

W.. 
onurj,  *  C 

F 

OttKMttTeah 

5ncpnoA  3^cpmkii 

CAMOOOCMA.1MOJICIIMM, 

CCK. 

7  hupajHH . 

8  niapajiiH . 

NjH* 

+21 

6 

Kohu.  HNOj 
c  24%  NjO« 

0,0031  ±  0,0014 

N:IU 

+21 

96%-iia*  NHOj 

0,005  ±  0,0017 

9  Oyp^ypiwiooMfl  cniipr  . . 

0-CW.OH 

0 

+21 

14  To  wc 

0,0016  ±  0,0024 

>  > 

i 

-29 

»  » 

[  Ot  0,022  ao  0,040 

10  THApaJHH . 

IIAmhiuk  c  ao&bkom  14% 

NjH* 

+25 

71. 5% -nan  HNOj 
6 

0,037 

rxApaiitiu . 

12  AMMiiax  c  9,5%  niApa- 

NH»  +  N»H 

—30 

Komt.  HNOj 
c  24%  NjO* 

0,006 

3HHJ  .  . . 

NHj  +  NiH« 

-35 

To  we  14 

0,014 

13  Ammhbk  c  5%  THApaiHita 

NHi  +  N,M« 

ot  —37 
AO  —47 

1  > 

0,037 

I)  Combustible;  2)  formula;  3)  experimental  tem¬ 
perature,  °C;  4)  oxidizer;  5)  Ignition  lag,  sec; 
6)  concentrated  HN03  with  24$  N^;  7)  hydrazine; 

8)  hydrazine;  9)  furfuryl  alcohol;  10)  hydrazine; 

II)  ammonia  with  addition  of  14$  hydrazine;  12) 
ammonia  with  9.5$  hydrazine;  13)  ammonia  with  5$ 
hydrazine;  14)  same. 


For  the  "Titan"  rocket,  the  propellant  recommended  consists  of  a  mix¬ 
ture  of  dime thy Ihydrazine  and  hydrazine:  (CH3)2N*NH2  -  40-70$;  - 

60-30$  [17]. 

In  1954,  dime thy Ihydrazine  cost  $13,000  per  ton.  With  mass  produc 
tion,  it  is  assumed  that  its  cost  will  not  exceed  $2200  per  ton  (the 
cost  of  JP-4  petroleum  aviation  fuel  is  $7  per  thousand  liters). 

Propellants  containing  hydrazine  as  a  combustible  have  very  short 
ignition  lags,  measured  in  the  thousandths  of  a  second. 

Table  111  shows  the  ignition  lags  in  a  rocket  motor  for  various 
propellants  based  upon  hydrazine  and  nitric  acid  as  a  function  of  pro¬ 
pellant  composition  and  temperature. 
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TABLE  112 

Effect  of  Adding  3%  of  Surface -Active 
Substances  upon  Ignition  Lag  for 
Self-Igniting  Combustibles  with  97# 
Nitric  Acid  (Drop  Method)  [18] 


1  AsfclK* 


iflCpilOA  .nacpxiKM  CAMOnOC* 

2  luiAMctieuiia.  cck. 

I  4>yp4>ypiMo>  Ai'iliiKaoncii-  4 

•“*  tn''PT-  TW.cn -37%. 

■  J%.McipT»noe  iic4>t«moc  ro- 
ropwicc  — 17%  pioncc-63% 


Hct . 

Anna  oacmionoii  KHC/ioru 
TpioTaiKwiaMimoJicaT  .  .  . 
DiimcptMo/icaT  ...  . 


9  UcTMTiniipufliuifipoMiu .  0,031  0,047 

10  HarpHiicyjiwjiopiiuiiiuT .  0,010  0,047 

11  HaTpiifiaaKiijiapHJicyawjoiiaT  ....  0,023  0,047 

12  HaTpHfiajiKiMcyflL^aT .  0,023  0,031 

1)  Additive;  2)  ignition  lag,  sec; 

3)  furfuryl  alcohol  —  83^,  petroleum 
combustible  -  17$;  4)  dicyclopenta- 
7  31%,  petroleum  combustible  - 
tm;  5)  none;  6)  amide  of  oleic  acid; 
7)  triethanolaminoleate ;  8)  glyceryl— 
oleate;  9)  cetyl  pyridine  bromide; 

10)  sodium  sulforicinate:  11)  sodium 
alkyl  aryl  sulfonate;  12  sodium  al- 
kylsulfate. 


TABLE  113 

Effect  of  Adding  0.5$  Surface-Active 
Substances  on  Ignition  Lag  in  a  Mix¬ 
ture  of  Furfuryl  Alcohol  (83k)  and 
Petroleum  Combustible  ( 17%)  with 
99.5$  Nitric  Acid  (Jet  Set-up)  [18] 


1  AoClIKl 


1  Hct . 

n/iiiKcwiwvieaT . 

UeT!MnHpiwiH<SpoMiia . 

HaTpnHiia<j)Ta7iiiiicyawjx)naT 

HaTpw  Acya  wjwpiimi  iiaT . 

HarpHftaaKHacyawpaT . 


2  Hcpiroa  3.iacp*KK 
CIMOOOCn/IOMCHC* 
HUH,  CCK. 


0,0203 

0,0109 

0,0200 

0,0184 

0,0195 

0,0192 


1)  Additive;  2)  Ignition  lag,  sec; 

3)  none;  4)  glyc oleate;  5)  cetyl  pyr¬ 
idine  bromide;  6)  sodium  naphthylene 
sulfonate;  7)  sodium  sulforicinate; 
o)  sodium  alkyl  sulfate. 
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TABLE  114 

Ignition  Lag  of  Furfuryl  Alcohol  - 
Nitric  Acid  Propellant  with  0.5# 
Surface-Active  Substances  as  Addi¬ 
tives  [8] 


2  flcpiiun  MaepwKM.  ecu. 

1  floSjIKI 

Hanoi  i.hij* 

2  *eroA 

crpyAnMl  J 
MCTM 

5  Hot  .  .  .  . 

0,023 

0,0209 

6  HlTpHCUH  CMb  UlKIMICyjIUjttllSTa 

0,023 

0,0144 

CMCuiaiiiiax  c  ropwmim . 

7  HaTpHtoa*  coat  axxi<acyAi4aTa, 

0,023 

0.0227 

CMCuiaiiHax  c  okhc/iiitc^cm  .  .  . 

*Evidently  of  the  ^  type. 

U 

SO.Nt 

1)  Additive;  2)  lag,  in  sec;  3)  drop 
method;  4}  jet  method;  5)  none;  6) 
sodium  salt  of  alkylsulfonate  mixed 
with  combustible;  7)  sodium  salt  of 
alkyl  sulfonate  mixed  with  oxidizer. 


Fig.  155.  Influence  of  surface-active 
agent  (sodium  alkylaryl  sulfonate)  on 
surface  tension  at  phase  boundary  between 
nitric  acid  and  cyclohexane,  l)  Nitric 
acid-cyclohexane;  2)  nitric  acid-cyclo¬ 
hexane  +  1#  sodium  alkylaryl  sulfonate. 

A)  Surface  tension,  dynes/cm;  B)  HNO^ 

concentration,  #. 
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In  addition  to  the  effect  upon  self -ignition  of  temperature,  com¬ 
bustible  composition,  concentration  of  acid  and  catalysts,  a  study  has 
recently  been  made  of  the  role  of  physicochemical  factors  determining 
the  rate  of  mixing  of  the  components  prior  to  the  onset  of  the  chemical 
reaction.  These  factors  are  the  surface  tension  and  viscosity  of  the 
propellant  components. 

The  surface  tension  of  combustibles  may  be  changed  by  introducing 
small  quantities  of  surface-active  substances.  The  effect  of  surface- 
active  substances  upon  the  ignition  lag  of  a  combustible  with  97 %  nit¬ 
ric  acid  is  shown  in  Table  112. 

The  effect  of  surface  active  substances  on  the  ignition  lag  in  a 
Jet  installation  is  shown  in  Table  113. 

Table  114  gives  the  ignition  lags  for  furfuryl  alcohol  with  98^ 
nitric  acid  determined  by  various  methods  under  comparable  conditions. 

The  surface  tension  at  the  nitric  acid-cyclohexane  phase  interface 
in  the  presence  of  sodium  salt  of  alkylsulfate  [sic]  appears  in  Pig.  155. 

The  results  of  the  experiments  depend  upon  both  the  method  of  de¬ 
termination  and  upon  the  method  of  adding  the  surface-active  substance, 
which  decreases  the  surface  tension  at  the  phase  interface,  and  thus 
improves  mixing  of  the  reacting  components  and,  consequently,  their 
ignition  as  well. 

6 Characteristics  of  Heating  Value,  Specific  Thrust,  and  Combustion 
Temperature  for  Hypergollc  fluels 

In  addition  to  having  good  ignition  and  combustion  properties,  in 
operation,  propellants  should  provide  high  exhaust  velocity  for  the 
combustion  products  and  high  specific  thrust,  while  the  combustion  tem¬ 
peratures  should  not  be  very  high. 

Tables  115  and  116  show  the  characteristics  of  these  properties 
for  propellants  based  upon  nitric  acid,  nitric  acid  with  oxides  of  nit- 
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TABLE  115 

Characteristics  of  Nitric-Acid  Based  Propellants 
U2,  19] 


1  Toimnio 

2  0. 

Sisisg 

ben** 

31 

b 

M  •. 

f  lih 

c  0  m  • 

>  ^  V 

•  a.  0  • 

aj  t  * 

SsrJ 

$!!£?* 

6 si 

R«  a 

toss 

ftr  5 
©  u  C 

« 

5  <t 

Jig*! 

*»  « 

s&; 

fit* 

10A3OTIiaR  KHOIOTa  4- 
+  MIIAKIlii  UOflOpOA 

1885 

0,01. 

t 

21 

2030 

298 

11  Aaonian  kiic/iota 

C  OKIICA.1MH  aaOTi  + 

+  aiiiuiim . 

_ 

1,37 

0,03 

24 

21 

2163 

221 

2706 

,12A30TliaH  KIIOIOT.1  4* 

4*  aiiiMiim . 

1440 

0,0 

26,0 

21 

218 

2700 

13  AaoTiias  KiicnoTa  + 

+  (]iyp<j)ypiiAOuu/i 
cmipT . 

14  Meaniitt  +  mohostiui- 

amiAHH . 

1,37 

34,5 

21 

2120 

214 

2020 

1,300 

18,1 

24 

2000 

210 

2500 

15  Axmiaa  kiicaota  + 

+  niApaami .... 

16  AaoTnaR  KHCAOTa  + 

+  jHiiaim ..... 

1,28 

38,5 

21 

2300 

243 

_ 

1,37 

0,03 

26,6 

21 

103 

2750 

17  AaoTHan  Kiicaoia 
(C0%),  OKHCAU 
a30Ta  (40%)  +  ' 

+  amiAXH ..... 

1535 

1,452 

20 

2205 

225 

2707 

1)  Propellant;  2)  heating  value,  kcal/kg;  3|  spe¬ 
cific  gravity;  4)  excess-oxidizer  factor;  5)  com¬ 
bustible  content  of  propellant,  $;  6)  chamber  pres¬ 
sure,  atm;  7)  exhaust  velocity,  m/sec;  8}  specific 
impulse,  sec;  9)  combustion  temperature,'  °C;  10) 
nitric  acid  +  liquid  hydrogen;  11)  nitric  acid 
with  oxides  of  nitrogen  +  aniline;  12)  nitric  acid  + 

+  aniline;  13)  nitric  acid  +  furfuryl  alcohol;  14)  me¬ 
lange  +  monoethylaniline;  15)  nitric  acid  +  hydra¬ 
zine;  16)  nitric  acid  +  aniline;  17)  nitric  acid 
(60$),  nitrogen  oxides  (40 fo)  +  aniline. 

rogen,  and  tetranitromethane. 

In  practice,  the  specific  impulse  of  propellants  based  upon  nit¬ 
ric  acid  and  amines  at  a  chamber  pressure  of  21-25  atm  is  of  the  order 
of  215-220  sec. 

Figure  156  shows  the  effect  of  propellant  composition  upon  the 
specific  impulse  (specific  thrust),  combustion-product  exhaust  velocity, 
and  the  combustion  temperature. 

Maximum  specific  impulse  is  obtained  with  a  negative  oxygen  bal¬ 
ance  (a  =  0.75-0. 85),  where  the  combustion  temperature  is  lower  than 
for  the  stoichiometric  composition. 
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TABLE  116 

Characteristics  of  Propellant  Mixtures  Based  upon 
Nitric  Acid,  Oxides  of  Nitrogen,  and  Tetranitro- 
raethane  [19-21] 


I 

it 

II 
12 

a 


1  Toimmuo 

T~ 

hcc 

Kt-pocun  4-  aaoTiia*  Kiic/una  .  .  .  . 

1.370 

Kcpotmi  -i-  amnia*.  kiimotj  (60%)  ti 

MCTupcxoKiicit  .i.ioT.i  (-10%)  .  .  , 

1,450 

Aiiii.hih  +  .nontax  kiic.iotx  .  . 

1.378 

Aiiii.iiim  +  .nontax  Kitc/toTa  (60%)  »• 

leTHpcxoxitCb  a  jots  (40%) .  ..  . 

1  .452 

AlllUIIIII  +  TtTpailllTpoMCTIII  . 

1,302 

Kcpocim  4-  TCTpamwpoMciaii  .  . 

1.505 

Boaopoji  4-  aaoTMa*  KucaoTa  . 

0.003 

Oyp<|iypiuioDuA  cmipr  -j-  ajomaa  kiic- 

•iota . 

1.370 

Tru.iwijpo- 

~n — 

TcMurp.i- 
r  >’  |>.i  rojw. 

HMM,  *  C 

PTr<ipnjt< 

MCCH.1M 
CMip«K*n»* 
Hf  fe'M’HNN, 
MlftK 

Trc.,.rf»|.  6 

K.IH 

CkOpfXM' 

|Mkr:u, 

i::7.'i 

2002 

2140 

i 

"i 

t 

1843 

1472 

2707 

2180 

1050 

1410  ' 

'  2047 

2175 

1870 

1535 

27u7 

2205 

1075 

lli',0 

2022 

2210 

2025 

1.500 

2802 

2100 

2010 

1885 

2012 

2545 

1207 

— 

2770 

2100 

— 

chamber  pressure  of  20  atm  and  nozzle  section 
pressure  of  1  atm. 


1)  Propellant;  2)  specific  gravity;  3)  heating 
value,  kcal/kg;  4)  combustion  temperature,  °C;  5) 
theoretical  exhaust  velocity,  m/sec;  6)  theoretical 
rocket  velocity,  m/sec;  7)  kerosene  +  nitric  acid; 
o)  kerosene  +  nitric  acid  (60$)  and  nitrogen  tet- 
roxlde  (40$);  9)  aniline  +  nitric  acid;  10)  ani- 
/fnS\+  ni^rlc  ac^  (60$)  and  nitrogen  tetroxide 
(40^);  ll)  aniline  +  tetranitrome thane;  12)  kero¬ 
sene  +  tetranitrome thane;  13)  hydrogen  +  nitric 
acid;  14)  furfuryl  alcohol  4-  nitric  acid. 


The  maximum  specific  impulse  of  a  propellant  consisting  of  nitric 
acid  and  aniline  corresponds  to  a  ratio  of  oxidizer  to  combustible  by 
weight  equal  to  three.  At  the  same  time,  the  stoichiometric  composi- 
1  ion  of  thls  Propellant  has  a  ratio  close  to  four.  Table  117  gives  cal 
culated  characteristics  for  propellants  based  upon  nitric  acid  with 
various  contents  of  oxides  of  nitrogen  and  "T-250"  combustible  (50$ 
triethylamine  and  50$  xylidine),  in  accordance  with  the  data  of  M.I. 
Shevelyuk  [22]. 

In  order  to  increase  the  specific  impulse  in  modern  motors,  there 
is  a  pressure  of  40-50  atm  in  the  chamber,  which  yields  an  improvement 
in  the  specific  impulse  of  20-25  units  in  comparison  with  the  motors 
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TABLE  117 

Specific  Impulse  of  Propellant  Based  upon 
Triethylamine  (CgH^N  with  fylidine 

and  Citric  Acid  with  Oxides  of 

Nitrogen  [22] 


1  OKMCJlIlteAb 

2  uuny/ii*  (cck.)  npu  ncpcnjjc 

AflMCIINR 

20  am  | 

30  am 

40  am 

SO  am 

00  am 

SO  am ' 

4  AMTHaa  KHCJ10T.1  9fi*i-iiax  .  . 

228 

200 

245 

252 

250 

202 

5  Aaonioii  xiicaoTu  80% . 1 

6  OKiicnoa  a.iora  20% . 1 

— 

— 

248 

2C'» 

258 

205 

7  Ajothoi'i  xhc.iotu  60% . 1 

8  Okhcjiod  ajoTa  -10% . j 

243 

252 

258 

202 

208 

l)  Oxidizer;  2)  specific  impulse  (sec)  for 
pressure  drop  of;  3)  atm;  4)  nitric  acid 
(98$);  5)  nitric  acid  (80$);  6)  oxides  of 
nitrogen  (20$);  7)  nitric  acid  (60$);  8)  ox¬ 
ides  of  nitrogen  (40$). 


Pig.  156.  Effect  of  proportions  by  weight  of  oxi¬ 
dizer  and  combustible  (propellant  of  nitric  oxide 
with  20$  oxides  of  nitrogen  +  aniline)  upon  spe¬ 
cific  thrust  and  combustion  temperature  from  design 
data  (for  chamber  pressure  of  21  atm),  l)  Combus¬ 
tion  temperature;  2)  temperature;  3)  kg/cm2;  4) 
specific  thrust,  kg- sec/kg;  5)  molecular  weight; 

6|  specific  thrust;  7)  molecular  weight  of  gases; 

8)  ratio  of  weights  of  oxidizer  and  combustible  in 
mixture. 
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Pig.  157*  Diagram  of  Installation  for  studying  com¬ 
bustion  rate  of  hypergolic  fuels.  1)  Bomb  with  ob¬ 
servation  window;  2)  two-component  nozzle;  3)  ox¬ 
idizer  supply  (nitric  acid);  4)  combustible  supply; 

5)  worm  piston  supply  system  for  propellant  compo¬ 
nent;  6)  electric  motor  with  worm  transmission;  7) 
pressure  reduction  valve  from  nitrogen  supply;  8) 
combustion-product  exhaust;  9)  sensor. 

first  designed. 

7.  Combustion  Rate  for  Hypergolic  Propellants 

The  combustion  rate,  together  with  the  Induction  period,  Is  the 
essential  characteristic  of  a  rocket  propellant. 

Recently,  the  literature  has  reported  investigations  of  normal 
and  turbulent  combustion  rates  for  a  mixture  of  vapors  of  combustibles 
with  air,  oxygen,  and  oxides  of  nitrogen.  Data  on  the  combustion  rates 
of  hypergolic  fuels'  is  lacking. 

In  1955,  [23]  was  published:  it  presented  a  study  of  the  combus¬ 
tion  rate  of  hypergolic  propellants  under  pressure'  for  which  a  special, 
original  installation  was  developed.  This  installation  consisted  of  a 

-  452  - 


Pig.  158.  Outside  view  of  installation  for  study¬ 
ing  combustion  rate  of  hypergollc  propellants.  1) 
Bomb  for  combustion;  2)  tank  with  combustible;  3) 
tank  with  oxidizer;  4)  nitrogen  line;  5)  pump. 


Fig.  159-  Arrangement  of  two- 
component  nozzle  for  studying 
the  combustion  rate  of  hyper- 
golic  propellants. 

bomb  containing  a  special  burner.  In  the  wall,  there  is  an  inspection 
window,  covered  with  thick  glass  (Fig.  157)*  Oxidizer  and  combustible 
are  supplied  to  the  burner  with  the  aid  of  a  special  supply  system 
driven  by  a  motor.  The  outside  appearance  of  the  installation  is  shown 
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Pig.  160.  Combustion  rate  for 
hypergolic  propellant  mixture 
of  butylmercaptan-nitric  acid 
as  a  function  of  pressure.  1) 
Combustion  rate,  cm/sec;  2) 
pressure,  atm. 


Fig.  l6l.  Nature  of  flame  for 
mercaptan-nitric  acid  propel¬ 
lant  upon  combustion  in  bomb. 


in  Fig.  158.  The  arrangement  of  the  two-component  nozsile  is  shown  in 

Fig.  159. 


The  propellant  components  were  a  self-igniting  combustible  con¬ 
sisting  of  a  mixture  of  mercaptans:  propylmercaptan  27. 8$,  butylmer- 
captan  65.3#,  amylmercaptan  6.6#,  hexylmercaptan  0.3#. 

This  mixture  was  obtained  from  a  petroleum  refinery.  95.6#  nitric 
acid  was  used  as  the  oxidizer. 

Using  the  0.5  mm  cross-section  N76  nozzle,  the  combustion  rate 
(flow  rate)  of  the  propellant  will  vary  with  pressure  as  shown  in  Fig. 
160.  In  the  3*5  to  13.5  atm  range,  the  combustion  rate  varies  from 
about  5*0  to  70  cm/sec. 

The  combustion  rate  of  hypergolic  propellants  is  far  greater  than 
that  of  diergolic  propellants.  Figure  161  shows  the  nature  of  the 
flame  given  by  this  fuel. 
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415  The  salt-formation  reaction  yields  19  kcal,  the  dinitration 
23  kcal,  totaling  42  kcal. 


Chapter  5 

NONHYPERGOLIC  HYDROCARBON  NITRIC -AC ID-BASED  FUELS 

Petroleum  products  generally  do  not  ignite  on  their  own  at  stand¬ 
ard  temperatures  with  nitric  acid.  Therefore,  a  special  ignition  sys¬ 
tem  is  required  for  engine  starts,  and  the  burning  process  is  generally 
less  stable  than  in  the  case  of  hypergolic  combustibles.  However, 
petroleum  products  offer  a  substantially  greater  base  for  the  deriva¬ 
tion  of  jet  fuels  than  does  any  other  form  of  raw  material.  Cracking- 
kerosenes  and  aviation  kerosenes  can  be  used  as  combustibles,  as  can 
other  products  from  the  processing  of  petroleum,  coal,  and  shales. 

In  1950-1952  reports  began  appearing  in  the  press  on  the  utiliza¬ 
tion  of  kerosene  with  nitric  acid  as  a  combustible  (fuel)  for  rocket 
engines  of  experimental  models  designed  to  develop  low  thrust  of  up  to 
459  kg.  Note  was  taken  here  of  the  substantially  greater  engine  pulsa¬ 
tion  which  occurred  with  the  use  of  kerosene  in  comparison  with  hyper¬ 
golic  combustibles  (fuels)  [1,  2]. 

In  1955  it  was  announced  that  a  fuel  consisting  of  nitric  acid 
and  kerosene  [3,  4]  was  being  used  in  the  engine,  developing  a  thrust 
of  8-12  tons,  of  the  American  anti-aircraft  radio-guided  "Nike"  rocket. 

Thus  kerosene  with  nitric  acid  has  found  application  as  a  com¬ 
bustible  (fuel)  in  rocket  engines. 

During  the  first  stages  of  the  development  of  rocket  engineering, 
synthetic  hypergolic  combustibles  with  nitric  acid  were  used  in  ZhRD 
(liquid  rocket  engines),  since” this  made  it  easier  to  use  the  engines. 

In  connection  with  the  interest  expressed  in  petroleum  products 
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as  possible  combustibles  in  fuels  for  rocket  engines,  investigations 
have  been  carried  out  on  the  interaction  of  hydrocarbons  with  nitric 
acid  at  various  temperatures. 

These  works,  published  between  1952  and  1954,  are  of  interest  only 
from  a  theoretical  standpoint  and  cannot  be  used  directly  for  the  es¬ 
tablishment  of  engine  cycles.  However,  they  expand  our  range  of  know¬ 
ledge  about  the  reaction  capacities  of  various  hydrocarbons  with  re¬ 
spect  to  nitric  acid,  and  this  can  be  used  to  advantage  in  the  selec¬ 
tion  of  propellants  (fuels). 

1.  Thermal  Effect  of  the  Interaction  between  Hydrocarbons  and  Nitric  Acid 

Among  the  hydrocarbons,  only  the  diene  and  certain  acetylene  hy¬ 
drocarbons  ignite  spontaneously  on  contact  with  nitric 'acid.  For  exam¬ 
ple,  dicyclopentadiene  is  hypergolic  with  99#  nitric  acid,  exhibiting 
a  lag  of  0.032  seconds  [5].  However,  olefins,  and  aromatic  and  satu¬ 
rated  hydrocarbons  only  heat  up  when  mixed  with  nitric  acid  at  standard 
temperatures,  but  do  not  ignite  by  themselves.  In  this  connection,  it 
has  been  proposed • to  characterize  the  reaction  capacity  of  hydrocarbons 
in  terms  of  the  heating  temperature  of  the  hydrocarbon  mixture  with 
nitric  acid. 

In  1952,  Trent  and  Zucrow  published  the  results  of  their  investi¬ 
gation  [6]  on  the  interaction  of  hydrocarbons  with  nitric  acid  at  low 
and  high  temperatures.  It  was  the  purpose  of  their  work,  as  the  authors 
themselves  point  out,  to  study  the  behavior  of  certain  pure  hydrocar¬ 
bons  under  conditions  close  to  the  conditions  prevailing  in  a  jet  en¬ 
gine. 

In  mixing  nitric  acid  exhibiting  a  concentration  in  excess  of  90# 
with  unsaturated  hydrocarbons,  a  vigorous  exothermic  reaction  similar 
to  an  explosion  takes  place,  and  this  is  particularly  true  in  the  case 
of  polyolefins  and  acetylenic  hydrocarbons.  In  this  case,  the  tempera- 


/ 


Pig.  162.  Device  for  determina¬ 
tion  of  temperature  effect  of 
interaction  between  hydrocar¬ 
bons  and  nitric  acid,  i)  Line 
to  oscillograph;  2)  mixer 
drive,  with  motor  turning  at 
6000  rpm;  3)  water  level  in 
thermostat;  4)  vessel  for  sup¬ 
ply  of  HNO^  under  a  nitrogen 

pressure  of  150  mm  Hg;  5)  agi¬ 
tator;  6)  cylinder  guide  to 
agitator. 

ture  of  the  reaction  attains  its  maximum  within  a  short  period  of  time. 

Trent  and  Zucrow  assume  that  the  rate  of  heat  liberation  in  the 
reaction  between  the  hydrocarbons  and  the  nitric  acid  is  proportional 
to  the  rate  of  the  reaction  and  may  serve  as  a  criterion  for  the  com¬ 
parison  of  relative  liquid-phase  reactions  between  hydrocarbons  and 
nitric  acid. 

Consequently,  the  maximum  temperature  attained  during  the  Interval 
of  time  x  can  give  some  indication  of  the  reaction  capacity  of  hydro¬ 
carbons  with  nitric  acid. 

The  temperature  effect  of  the  reaction  produced  by  the  interaction 
of  hydrocarbons  with  nitric  acid  was  studied  by  these  authors  in  the 
device  shown  in  Fig.  162. 
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The  reactor  is  a  tube  made  of  borosilicate  glass  inside  of  which 
there  is  an  agitator  rotating  at  6000  rpm.  The  agitator  provides  for 
the  energetic  mixing  of  the  oxidizer  with  the  combustible.  The  supply 
of  nitric  acid  is  carried  out  under  a  low  pressure  (155  mm  Hg)  from  a 
vessel;  the  combustible  is  contained  directly  in  the  reactor;  the  tem¬ 
perature  is  measured  by  means  of  a  platinum-platinorhodium  thermo¬ 
couple;  the  readings  are  recorded  by  means  of  an  oscillograph.  The 
total  quantity  of  fuel  components  amounts  to  5*4  ml,  with  an  acid-to- 
hydrocarbon  ratio  of  3**1* 

The  results  are  presented  in  Table  119. 

It  follows  from  the  data  in  Table  118  that  the  paraffinic  hydro¬ 
carbons  of  normal  structure  (decane)  do  not  react  with  nitric  acid; 
monoolefins  and  cycloolefins  react  vigorously;  diolefins  with  conjugate 
double  bonds  react  most  vigorously. 

Aromatic  hydrocarbons  react  less  vigorously  with  HNO^  than  do  the 
monoolefins,  but  more  actively  than  do  the  naphthenes  and  paraffins. 

The  above  can  be  presented  by  the  following  series: 

diolefins  >■  olefins  >  aromatic  hydrocarbons  > 

>  naphthenes  >  paraffins 

The  naphthenes  interact  with  nitric  acid  with  approximately  the 
same  heating  as  do  aromatic  hydrocarbons.  However,  the  time  required 
to  attain  the  maximum  temperature  in  the  case  of  the  naphthenes  is 
longer  by  a  factor  of  approximately  15-20  than  is  the  case  with  the 
aromatic  hydrocarbons. 

Among  the  aromatic  hydrocarbons,  indene  yields  the  greatest  heat¬ 
ing  -  421°  -  and  ignites  within  1  to  2  seconds.  This  can  be  explained 
by  the  fact  that  ona  of  the  bonds  in  the  five -member  ring  of  indene  is 
unsaturated. 

Table  119  shows  the  temperature  effect  produced  by  the  interaction 
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Temperature  Effect  Produced  by  the  Interaction  of 
Hydrocarbons  with  100.2#  Nitric  Acid  [6] 

Initial  Temperature,  25° 
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1)  Hydrocarbon;  2)  maximum  temperature,  °C;  3)  in¬ 
crease  in  temperature  At,  °C;  4)  time  required  for 
attainment  of  maximum  temperature,  t,  in  sec;  5) 
aliphatic  hydrocarbons;  6)  decene-1;  7)  decadiene- 
1,3J  8)  3-m  thylnonene-3;  9)  decadiene-1,3;  10) 
alicyclical  hydrocarbons;  11)  dicyclopentadiene; 
12)  cyclohexene;  13)  methyl cyclohexane;  14)  ethyl- 
cyclohexane;  15)  cyclohexane;  16)  aromatic  hydro¬ 
carbons;  17)  benzene;  18)  toluene;  19 )  a-methvl- 
naphthalene;  20)  o-xylene;  21)  mesitylene;  22) 
ethylbenzene;  23)  isopropylbenzene;  24)  indene; 

25)  self-ignition. 


of  nitric  acid  of  reduced  concentration  (93«27#)  with  unsaturated  hy¬ 
drocarbons. 

Acetylenic  hydrocarbons  react  with  nitric  acid  at  approximately 
the  same  rate  as  do  diolefins.  The  rate  of  cycloolefin  interaction  with 
nitric  acid  is  greater  than  for  olefins  with  an  open  chain,  and  this 
can  be  seen  from  the  example  of  decene  and  the  pinenes. 

With  a  nitric-acid  concentration  beJow  95#,  the  rate  of  .interac- 
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tlon  with  decene-1  drops  significantly. 

Nitrogen  dioxide,  dissolved  in  98#  nitric  acid,  increases  its  rate 
of  reaction  with  olefins.  Thus,  for  example,  the  reaction  between  de¬ 
cene-1  and  95*86#  nitric  acid,  containing  3*3#  Ng(ty,  attains  its  max¬ 
imum  temperature  within  0.4  sec.  However,  this  reaction  with  nitric 
acid  (of  the  same  concentration),  but  containing  nitrogen  oxides,  re¬ 
quires  O.38  sec  to  attain  the  same  evolution  of  heat. 

Probably  one  of  the  initiating  reactions  is  the  combination  of 
nitric  acid  to  the  double  bond  in  the  form  H-ONOg  with  the  formation 
of  nitroethers.  The  presence  of  several  peaks  on  the  time -temperature 
curve  indicates  that  the  reaction  involved  several  successive  stages, 
each  stage  exhibiting  its  own  rate  and  energy  of  activation. 


TABLE  119 

Temperature  Effect  Produced  by  the 
Interaction  of  93-27#  Nitric  Acid 
with  Unsaturated  Hydrocarbons*  [6] 
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*The  oxidizer-to-hydrocarbon  ratio 
is  10.7;  the  nitric  acid  has  the  fol¬ 
lowing  composition:  HNO^ ,  93-2#; 

NOg,  0.63#;  HgO,  6.11#. 

1)  Hydrocarbon;  2)  maximum  tempera¬ 
ture,  °C;  3)  increase  in  temperature, 
At,  6C;  4)  time  required  to  attain 
maximum  temperature,  t,  sec;  5)  de¬ 
cene-1;  6)  decadiene-1,3;  7)  deca- 
diene-1,9;  8)  decadiene-1,9;  9)  de¬ 
cene-1;  10)  a-pinene;  11 )  p-pinene; 
12)  dicyclopentadiene. 


—  mLU^1A!ljf''l8nlU°n  TeinpeI'ature  and  I5S  far  Hydrocarbons  with 


The  self-ignltlon  temperature  and  the  self-ignition  lag  in  the 

case  of  low  (+40  )  and  high  (300-500°)  temperatures  are  a  measure  of 

the  reaction  capacity  of  organic  combustibles  with  respect  to  nitric 
acid. 


TABLE  120 
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ll)  ifrllf11  P^eiysis;  9)  cracking  kerosene; 
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Under  standard  temperature  conditions,  petroleum  products  are  not 
hypergolic  with  nitric  acid,  whereas  the  amines  and  dienic  compounds 
ignite  easily  by  themselves.  However,  at  high  temperatures  (300-400°) 
all  combustible  substances  are  hypergolic  with  nitric  acid,  with  some 
lag.  At  200-400  this  process  begins  with  the  vaporization  of  the  sub¬ 
stances,  but  in  this  state  the  hypergolic  organic  substances  (for  ex- 
ajnples,  the  amines)  ignite  with  nitric  acid  above  200-30°  [sic],  and 
petroleum  products  ignite  at  a  higher  temperature.  The  self-igni¬ 
tion  temperature  and  lag,  determined  at  high  temperatures  in  nitric- 


acid  vapors,  are  referred  to  as  the  temperature  and  lag  of  "thermal 
hypergolic  ignition."  With  certain  limits,  these  are  characteristics 
of  fuel  combustion  in  ZhRD  (liquid  rocket  engines). 


Z  I  ■> 

Pig.  163.  Installation  for  the  determination 
of  thermal  hypergolic  ignition  temperature 
and  lag  for  liquid-reaction-engine  propel¬ 
lants  (fuels).  1)  Support  for  mounting  of 
instrument;  2  and  3)  spray  nozzles  (injec¬ 
tors)  for  combustible  and  oxidizer;  4)  elec¬ 
trically  heated  furnace;  5)  thermocouple  and 
galvanometer;  6)  electrical  sensor  to  estab¬ 
lish  instant  of  fuel  feed  (closed  by  nitric- 
acid  stream);  7)  photocell  recording  flash; 
8)  instrument  recording  hypergolic-ignltion 
lag.  A)  Nitrogen;  B)  p  =  500  mm  Hg. 


This  method  of  ZhRD  propellant  characteristics  was  first  proposed 
in  1951  by  Ya.M.  Paushkin  [7],  and  subsequently  in  1952  and  1954  there 
were  brief  reports  by  American  investigators. 

In  the  determination  of  the  thermal  period  of  induction  according 
to  the  method  of  Ya.M.  Paushkin  [7],  the  components  of  the  propellant, 
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in  vaporized  state,  were  fed  into  the  heated  furnace  chamber  by  means 
of  compressed  nitrogen  and  here  the  hypergolic-ignition  temperature 
and  lag  were  determined.  The  installation  for  the  determination  of  the 
thermal  hypergolic-ignition  lag  is  shown  in  Pig.  163. 

The  results  obtained  here  are  presented  in  Table  120. 

The  nature  of  the  change  in  the  periods  of  hypergolic-ignition 
lag  for  vapors  of  various  combustibles  in  nitric-acid  vapors  as  a 
function  of  temperature  is  presented  in  Pig.  164  [7].  For  combustibles 
of  greater  reaction  capacity  (Tonka-250  -  a  mixture  of  50$  triethyl- 
amine  with  50$  xylidine),  the  curves  in  temperature -time  coordinates 
are  lower  than  the  curves  for  combustibles  of  lower  reaction  capaci¬ 
ties  (direct-distillation  kerosene,  aromatic  hydrocarbons). 


B  ecu 


Fig.  164.  Nature  of  change  in  thermal 
self-ignition  lag  for  various  combus¬ 
tibles  in  vapors  of  98$  nitric  acid,  l) 

Aromatic  hydrocarbons;  2)  lamp  kerosene; 

3)  n.  paraffin;  4)  T-l  kerosene;  5] 
cracking  kerosene;  6)  Tonka-250.  A)  Tem¬ 
perature,  °C;  B)  time,  sec. 

The  hypergolic  Ignition  temperature  and  lag  are  not  physical  con¬ 
stants,  since  they  are  functions  of  the  conditions  under  which  the  ex¬ 
periment  is  being  carried  out;  but  if  they  are  determined  under  stand¬ 
ard  conditions  they  characterize  the  comparative  activity  of  the  fuels 
(propellants)  and,  apparently,  reflect  in  qualitative  terms  the  induc¬ 
tion  period  in  the  ZhRD  chamber:  the  higher  the  .hypergolic  ignition 
temperature  and  lag,  the  greater  the  propellant  induction  period  in 
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TABLE  121 

Minimum  Hypergolic  Ignition  Tempera¬ 
ture  for  Combustibles  Based  on  Hydro¬ 
carbons  and  Their  Mixtures  in  Nitric 
Acid  [6] 

(hno3,  99.1$;  n204,  0.390;  h2o,  0.510) 


2 


roptosce 


MHimua/ikKii 

rcuncparypa 

CIMOIOCIMIMC* 

mcm h.i  *  C 


3  JlHUMWioneHTaAiieii 


4  ^HUHtuioneHTaAHtH  (45%)  +  ackah  (55%) 

»  (35%)  -f  »  (65%) 

5  .  (30%)  +  Aouch-I  (70%) 

»  ■  (25%)  +  acksh  (75%) 

»  (20%)  +  ACMH-1  (80%) 

»  (10%)  +  »  (90%) 

6  /lcucil  (65%)'  +  KCMflOA  (15%)  +  MCTMHWjt- 

TAAIIH  (20%)  . . 

7  MC3l!TIWieil  .  . . . 

8  JICUCU’L  . . 

'  9  rt-UllMOfl  ...  .  . . . 

10  H.  fleWM  . 

11  AmmuhohiiuA  KcpocHii . 


12 

CaMonocruiaMe- 
HACTCH  npil  OT* 
pimiTMbllOfi  H 
o6u>mou  Tcune- 
parypax 
8 
85 
143 
154 
183 
213 

217 
308 
302 
383 
34  J 
370 


l)  Combustible  (fuel);  2)  minimum  hy¬ 
pergolic  ignition  temperature,  °C; 

3)  dicyclopentadiene;  4)  dlcyclopen- 
tadiene  (450)  +  decane  (550);  5)  di¬ 
cyclopentadiene  (300)  +  decene-1 
(700);  6)  decene  (650)  +  xylene  (150)  + 
+  methylnaphthalene  (200);  7)  mesi- 
tylene;  8)  decene-1;  9)  p-isopropyl- 
toluene;  10)  n.  decane;  11)  aviation 
kerosene;  12)  self-ignition  occurs 
both  in  the  case  of  negative  and 
standard  temperatures. 


the  ZhRD  chamber. 

The  device  used  by  Trent  and  Zucrow  for  the  determination  of  the 
minimum  hypergolic  ignition  temperature  consisted  of  an  aluminum  block 
75  mm  in  diameter  and  200  mm  long.  A  500-watt  heater,  capable  of  main¬ 
taining  a  constant  temperature  by  means  of  an  electronic  temperature 
regulator,  was  employed  to  heat  the  block.  The  propellant  (fuel)  com¬ 
ponents  were  fed  to  the  heated  block  through  two  glass  spray  nozzles 
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TABLE  122 


Products  of  the  Reaction  Between  Olefins  with  Nit¬ 
ric  Acid  and  Nitrogen  Oxides  [8] 


1  VtMMUIopMA 

2  Peal-cur 

13. 

4  npojyitr  peaKRHN 

CH,»C-CH,-CH,-CH, 

5  A:iotiijh 

70-75* 

CH,— CH»— CI.I,— CH-C— CH,— NO, 

C,H, 

KiicJiora 

C,H» 

CH,-CH-(CH,)*-CH, 

6  To  WC 

90-100* 

CH,«C— {Cl  l,)»— CH* 

NO, 

CHj-CH, 

A3oru.ni 

— 

HO— CH,— CH,— NO, 

Kiioiora 

(05-KV)*;. 

iur) 

c*hm 

Anoriian 

80’ 

C*Hu(NO]), 

Knc.iora 

(90%-h.ir) 

n 

7  Okiicjiu 

*30TJ 

60-C5* 

fV"01 

u 

u 

CH,=CH— CH — CHi 

CH,  CH, 

CH,-d  -  <[-CH, 

To  WC 

»  1 

30’ 

8 

B  *i»ipe 

GH.NO, 

CH,  CH, 

1  1 

CHi— r  C  CH. 

CHi 

| 

1  1 

NO,  NO, 

1  » 

To  we 

CH,  CH, 

CH,-C=CH, 

1  1 

CH,— C CH 

9 

ONO,  NO, 

CH* 

»  » 

Sea  pac- 

CH, 

CH,— C=CH, 

' 

TBOpHTCflR 

CH,— C— Cll, 

10 

NO,— 0  NO 

CH,=CH— CH=CHj 

»  » 

PacTRopii- 

CH,— CH=CH— CII, 

lean  nan 

1  | 

naponan 

NO,  NO, 

ijiaja  1 

1)  Hydrocarbon;  2)  reagent;  3)  conditions;  4)  re¬ 
action  product;  5)  nitric  acid  (80*);  6)  the  same; 
7J  nitrogen  oxides;  8)  in  ether;  9)  without  sol¬ 
vent;  10)  solvents  or  vapor  phase. 


(Injectors)  by  means  of  compressed  air.  The  streams  of  the  two  liquids 
impinged  against  one  another  not  too  far  away  from  the  heated  block. 

Table  121  shows  the  minimum  hypergollc  ignition  temperature  for 
hydrocarbon  mixtures  with  nitric  acid.  This  temperature  was  defined  as 
the  lowest  furnace  temperature  at  which  fuel  self-ignition  occurred  as 
the  propellant  came  into  contact  with  the  heated  surface.  This  tempera¬ 
ture  also  serves  as  the  criterion  for  a  preliminary  evaluation  of  hy- 
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drocarbon  propellants  for  liquid  reaction  engines. 

In  certain  cases,  a  parallelism  Is  observed  between  the  minimum 
hypergollc  Ignition  temperature  and  the  maximum  quantity  of  heat 
evolved.  However,  this  parallelism  is  not  preserved  throughout.  In  a 
number  of  cases,  the  hydrocarbon  mixtures  which  exhibit  the  greatest 
temperature  rise  have  minimum  hypergollc  ignition  temperatures;  in 
other  cases,  this  quantitative  relationship  is  not  preserved. 


Fig.  165.  Effect  of  additions 
of  dicyclopentadiene  on  the  hy¬ 
pergollc  Ignition  temperature 
of  a  hexane-dicyclopentadiene 
mixture  with  concentrated  nit¬ 
ric  acid,  l)  Minimum  ignition 
temperature,  °C;  2)  content  of 
dicyclopentadiene  in  n.  hexane. 


Probably,  the  divergence  in  this  case  is  associated  with  the  mu¬ 
tual  effect  of  thermal  instability  and  the  concentration  of  unstable 
chemical  compounds  formed  during  the  reaction  process. 

The  ease  of  ignition  for  unsaturated  compounds  can  be  explained 
by  the  fact  that  they  react  easily  with  the  oxides  of  nitrogen  and  with 
nitric  acid. 
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The  interaction  of  nitric  acid  and  the  oxides  of  nitrogen  with 


olefins  at  low  temperatures  was  studied  during  the  nitration  of  these 
compounds  (Table  122). 

In  the  interaction  of  nitrogen  oxides  with  olefins,  depending  on 
the  conditions,  four  types  of  compounds  are  formed  [8] s 


_ CH  —  NO  —  CH  —  NO,  —  CH  —  NO, 

—  CH  —  ONO,  —  CH  —  ONO  —  CH  —  NO, 
nitrosates  nitro-  .  dinitro 

nitrites  compounds 


-  CH  -  ONO 

I  '  • 

-CH  -  ONO 
dinitrites 


Only  the  dinitro  compounds,  of  similar  types  of  compounds,  are 
stable.  The  remaining  types  of  compounds  are  unstable,  they  are  easily 
converted,  and  yield  other  reaction  products.  We  can  therefore  anti¬ 
cipate  that  their  formation  will  enhance  the  more  intensive  conversions 
which  are  important  from  the  standpoint  of  the  ignition  of  hydrocar¬ 


bons  with  nitric  acid. 

Figure  165  shows  the  minimum  hypergolic  ignition  temperature  for 
a  mixture  of  dicyclopentadiene  and  n.  decane  with  nitric  acid,  depend¬ 
ing  on  the  concentration  of  the  dicyclopentadiene. 

A  temperature  of  3^0°  is  required  for  the  ignition  of  n.  decane 
with  nitric  acid,  whereas  a  mixture  of  25  and  35$  dicyclopentadiene 
with  decane  ignites  at  154  and  85°,  respectively. 

In  a  special  investigation  of  the  reaction  between  octadecene-1 
and  butadiene-1,3  with  nitrogen  tetroxlde  NgO^  in  an  ether  solution  at 
-10°  and  -30°,  respectively,  in  order  to  clarify  the  formation  of  in¬ 
termediate  reaction  products  in  the  case  of  self-ignition  [8],  it  was 
established  that  the  reactions  take  place  as  follows: 

CH,  (CH,)„  'CH  (NO.)  -  CH,  (NO,) 

/ 

CH,  (CH,)„  —  CH  =  CH,  +  N.O, 

\:h3  (ch,)uCh  —  ch, 

l  1 

ONO  NO, 
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As  a  result  of  the  reactions,  1,2-dinitrooctadecene  and  a  combina 
tion  product  of  the  nitronitrite  type  are  formed. 


Fig.  1 66.  Effect  of  additions 
of  turpentine  to  gasoline  on 
self-ignition  with  nitric  acid 
and  a  mixture  [melange].*  l) 

96#  HN03j  2)  95#  HN03  with  15# 

oleum  (fuming  sulfuric  acid); 

3)  5#  HN03  with  20#  oleum;  4) 

98#  HN03  with  15#  HgSO^.  A) 

Time,  sec;  B)  content  of  tur¬ 
pentine  in  gasoline,  #. 

Butadiene  reacts  with  the  oxides  of  nitrogen  to  form  1,4-dinitro- 
butene-2: 

CH,  =  CH  -  CH  =  CH,  +  N,0,  -  CH,  -  CH  -  CH  -  CH,. 

'  I  I 

NO,  NO, 

In  connection  with  the  high  activity  of  the  unsaturated  compounds, 
the  addition  of  these  compounds  to  petroleum  products  may  activate  the 
self -ignition  of  the  fuels  (propellants)  with  nitric  acid  and  in  par¬ 
ticular  with  melange  [mixture].  Figure  166  presents  data  on  the  effect 
of  an  addition  of  turpentine  on  the  ignition  of  gasoline  with  nitric 
acid  and  melange  [mixture]. 

The  basic  part  of  the  turpentine  (up  to  60-70#)  consists  of  a- 
plnene  ~  an  unbranched  bicyclical  unsaturated  hydrocarbon: 


*see  MS  page  485 
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_n 


j 

This  hydrocarbon  is  hypergolic  with  nitric  acid  and  in  particular  with 
melange  [mixture j. 

The  addition  of  turpentine  may  activate  the  ignition  process  of 
petroleum  products,  but  not  to  such  an  extent  as -to  make  it  possible 
to  produce  the  hypergolic  ignition  of  the  propellant  with  a  small 

<  v  * 

period  of  induction. 

j.  Self-Ignition  of  Combustible  Drops  Falling  into  Nitric-Acid  Vapors 
at  High  Temperatures  - — 

In  other  works  [9]  a  study  was  undertaken  of  the  hypergolic  prop¬ 
erties  and  the  combustion  of  drops  of  a  number  of  combustible  sub¬ 
stances,  employed  in  the  composition  of  rocket  propellants,  as  they 
fall  into  nitric-acid  vapors  at  high  temperatures. 

The  investigation  was  carried  out  on  a  device  such  as  that  shown 
in  Figs.  167  and  168.  The  device  consists  of  a  quartz  reaction  tube  4, 
heated  by  means  of  an  electric  coil  to  300-600°.  The  reaction  tube  is 
filled  with  nitric-acid  vapors  which  are  formed  in  an  acid-vapor  gen¬ 
erator  2  during  boiling.  The  acid  vapors  are  heated  in  a  superheater  3 
and  enter  into  the  reaction  tube  where  the  combustible  drops,  on  com¬ 
ing  into  contact  with  the  nitric-acid  vapors  at  a  temperature  of  300- 
600°,  ignite  on  their  own  and  burn  up. 

The  instant  of  drop  separation  is  determined  by  a  photoelectric 
cell  6.  As  the  beam  of  the  photocell  is  cut,  the  stopcock  5  is  opened, 
as  a  result  of  which  the  drops  fall  into  the  reaction  chamber. 

The  ignition  and  combustion  of  the  drops  is  determined  by  means 
of  high-speed  photography  (Fig.  169).  The  ignition  of  drops  of  triethyl - 
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Pig.  167.  Diagram  of  device 
used  to  study  hypergolic  prop¬ 
erties  of  drops  in  nitric-acid 
vapors.  1)  Flask  with  nitric 
acid;  2)  nitric-acid  evaporator; 
3)  nitric-acid  vapor  super¬ 
heater;  4)  quartz  reaction 
tube;  5)  stopcock;  6)  photo¬ 
electric  cell;  7)  pipette  with 
combustible. 


amine  takes  place  after  28.6  milliseconds.  After  31.2  milliseconds, 
the  combustion  becomes  intense. 

Figure  170  shows  the  effect  of  the  temperature  of  the  nitric-acid 
vapors  on  the  hypergolic  Ignition  lag  for  combustible  drops  having  a 
diameter  of  about  3-3 >1  mm,  said  drops  falling  through  the  nitric-acid 
vapors.  The  composition  of  the  initial  acid  is  as  follows:  HN03,  98.08^; 
N20^,  0. 12$;  and  H20,  1.7$. 

The  temperature  of  the  combustible  is  19°.  Figure  171  shows  the 
Cxfect  of  the  initial  propellant  temperature  on  the  hypergolic  ignition 


The  least  ignition  lag  is  exhibited  by  triethylamine,  and  this 
lag  does  not  change  in  magnitude  within  a  range  of  temperatures  from 
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350  to  550°.  Cyclohexene  -  a  substance  that  is  not  hypergolic  with  nit¬ 
ric  acid  —  produces  the  ignition  of  the  drops  at  a  temperature  of 
around  475°,  and  the  ignition  lag  changes  markedly  as  a  function  of 
temperature.  Allylamine  occupies  a  middle  position  between  triethyl- 
amine  and  cyclohexene,  so  that  it  reacts  less  vigorously  with  HNO^, 
but  more  vigorously  than  the  unsaturated  hydrocarbons. 

The  hypergolic  substances  react  with  nitric-acid  vapors  at  sub¬ 
stantially  lower  temperatures  than  do  the  majority  of  the  hydrocarbons 
(with  the  exception  of  the  dienes).  This  represents  the  difference  be¬ 
tween  the  hypergolic  and  nonhypergolic  combustibles  under  rocket- 
engine  operating  conditions;  the  process  of  ignition  and  combustion 
for  nonhypergolic  combustibles  in  ZhRD  chambers  requires  a  greater 
period  of  time  than  is  needed  for  hypergolic  combustibles.  This  is,  on 
the  whole,  reflected  in  the  stability  of  the  combustion  process  in  con¬ 
nection  with  a  great  induction  period. 

4.  Concentration  Limits,  Combustion  Temperature,  and  Normal  Rate  of 
Fjgjne  Propagation  for  Mixtures  of  Combustibles  with  Nitrogen  Oxides 

To  conceive  of  the  mechanism  of  propellant  combustion  in  a  ZhRD 
chamber  we  must  know  the  concentration  limits  and  the  rates  of  flame 
propagation  in  the  nitrogen  oxide -hydrocarbon  system.  However,  there 
are  almost  no  data  about  this  in  the  literature. 

Below  we  present  some  of  the  limited  data  which  are  known  in  this 

area. 

Figures  172-175  show  the  concentration  limits  for  the  propagation 
of  flames  produced  by  propellant  mixtures  consisting  of  nitrous  oxide 
with  such  hydrocarbons  as  methane,  propane,  propylene,  and  butane, 
with  various  combinations  of  combustible  mixtures  and  low  pressures  [10]. 

The  nitrous  oxide  is  an  endothermic  oxidizer,  and  the  combustion 
of  the  hydrocarbons  with  NgO  can  be  presented  by  the  following  general 
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Pig.  168.  General  view  of  device  used  to 
study  the  hypergolic  properties  of  drops 
falling  into  nitric-acid  vapors.  A)  Pho¬ 
tocell;  B)  oscillograph;  C)  stopcock;  D) 
heated  quartz  tube  with  oxidizer  vapors; 
E)  dropper;  P)  light  source;  G)  photo¬ 
cell  for  recording  of  ignition;  H)  heater 
(boiler)  to  produce  nitric-acid  vapors. 


equation: 

G»H»+*  +  (3/1  -f  I)  N.O  -  rtCQ*  -1-  (//  +  I)  H.0  -f-  (3n  -f  I)  N2. 

As  the  molecular  weight  of.  the  hydrocarbons  increases  in  the 
transition  from  methane  to  butane,  the  ignition  range  is  reduced,  par¬ 
ticularly  toward  the  rich  mixtures. 

Normal  rates  of  flame  propagation  for  vapor-air  rocket-propellant 
mixtures  are  not  presented  in  the  literature.  These  data  are  known 
only  for  the  simplest  of  systems. 

Adams  [12]  determined  the  normal  rate  of  flame  propagation  for 
mixtures  consisting  of  NO  +  Hg,  NgO^  +  Hg,  and  NH^  +  NO,  for  which  ex¬ 
tremely  varied  normal  rates  of  flame  propagation  were  obtained  for  the 
stoichiometric  composition. 

Table  123  presents  the  normal  rates  of  flame  propagation  and  com- 
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Fig.  169.  High-speed  photograph  of  self¬ 
ignition  and  combustion  of  triethylamine 
drops  in  nitric-acid  vapors,  during  the 
following  intervals:  a)  28.6  milliseconds; 
b)  31.2  milliseconds;  c)  31. 9  millisec¬ 
onds;  d)  32.7  milliseconds;  e)  33.4  mil¬ 
liseconds;  f)  34.1  milliseconds. 


bustion  temperatures  for  several  combustible  mixtures. 

The  rate  of  flame  propagation  for  combustible  mixtures  with  nitro¬ 
gen  dioxide  is  substantially  higher  than  in  the  case  of  nitrogen  oxide. 

In  a  study  of  the  combustion  of  methane  with  nitrogen  oxide,  the 
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Pig.  170.  Effect  of  temperature  on  self -ignition 
lag  for  drops  of  cyclohexane,  allylamine,  and  tri- 
ethylamine,  falling  into  nitric-acid  vapors,  a) 
Ignition  of  vapor  phase  of  drop;  b)  combustion  of 
drop;  la  and  lb)  cyclohexene,  drops  3.09  +  0.12 
mm;  2a  and  2b)  allylamine,  drops  3.I8  +  C.13  mm; 

3a  and  3b)  triethyl amine,  drops  3. 00  +  0.14  mm. 

1)  Hypergolic  ignition  lag,  sec;  2)  temperature,  °C. 


following  lines  were  observed  in  the  flame  spectrum  for  CH^  +  NO:  CH, 
CN,  NH,  and  OH,  which  indicates  the  presence  of  corresponding  inter¬ 
mediate  reaction  products  [12-14]. 

5.  Theoretical  and  Operational  Parameters  for  a  Kerosene-Nitric  Acid 
Propellant  - - 

Similar  data  on  the  utilization  of  petroleum  products  together 
with  nitric  acid  as  an  oxidizer  In  rocket  engines  are  not  given.  Only 
in  individual  articles  [6,  7]  is  the  theoretical  and  practical  possi¬ 
bility  of  using  petroleum  products  in  rocket  engines  examined.  These 
articles  describe  a  test  stand  with  an  engine  chamber  capable  of  de¬ 
veloping  225  kg  of  thrust,  and  this  device  was  employed  to  test  pro¬ 
pellants  consisting  of  nitric  acid  and  kerosene,  with  a  chamber  pres¬ 
sure  ranging  from  20  to  40  kgf/cm 2. 

Figure  176  shows  the  design  of  a  combustion  chamber  of  an  experi- 


on8hy^Iriolice5L?M  ini.tial  Propellant  temperature 
/.  ignition  lag  for  drops  of  proDellanf 

( having  dimensions  3.0-3.18  mm)  fain  no-  ?n?n  « 
acid  vaDor«?  iivco  i ailing  into  nitric- 

M  «  v.P  if  at  475  *  a)  ignition  of  vapors  of  drona- 
b)  combustion  of  drop;  la  and  lb)  hypergolic  igniP  * 

3a  andf%rir?»fhn?  ^°P;  2?  311,1  2bfi nSylarainej 
lag  sec-  ?) tp!Jylaflne'  P  Hypergolic  ignition 
J-ag,  sec,  2)  temperature  of  combustible,  ^c. 


mental  engine  operating  on  nitric  acid  and  kerosene. 

Figure  177  considers  the  calculation  (theoretical)  specific -thru; 

eristics  of  a  propellant  consisting  of  kerosene  and  nitric  aci< 

a  function  of  various  weight  ratios  between  the  oxidizer  and  the 
combustible  [1]. 


»  The  speclfic  thrust  obtained  experimentally  with  nitric  acid  and 
aviation  kerosene,  with  an  optimum  oxidizer- to-combustible  weight  ratio 
of  4.5  and  for  various  chamber  pressures  is  presented  below. 


Pressure 

atm 


20 

34 

40.7 


Specific 

impulse, 

sec 

222 

235 

246 


Figure  178  shows  the  results  obtained  from  a  determination  of  the 


effect,  for  the  same  propellant, 


of  the  composition  of  the  propellant 
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Fig.  172.  Area  of  Ignition  of 
methane  with  nitrous  oxide. 

1)  Pressure,  mm  Hg;  2)  concen¬ 
tration  of  methane,  %  by  vol¬ 
ume  . 


Fig-  173.  Area  of  ignition 
of  propane  with  nitrous 
oxide.  1)  Pressure,  mm  Hg; 
2)  concentration  of  pro¬ 
pane,  %  by  volume. 


TABLE  123 

Normal  Rate  of  Flame  Propaga¬ 
tion  and  Combustion  Temperature 
for  a  Number  of  Combustibles 
with  Oxides  of  Nitrogen  [12-14] 


1 

KoMJioiiciinj 

Hopua.ibir.is 
CKOpOCTb  pac- 

npocrpaneiiHfl 

n^aucKH, 

0  cmIcck 

Teuneparypa  rope- 
2  HHH,  •  C 

J.TCOPCTM- 

nccKas 

SKCnepM* 
ueiiTaab- 
S  was  . 

Hi-f  NO 

30 

2840 

2820 

H,  +  V»NOj 

260 

2660 

2550 

NHj  +  1  VjNO 

70 

2675 

2640 

CiH2  -f  5NO 

— 

3090 

3095 

CsHj +  7N0 

— 

2855 

C«H,  +  7NO 

— 

— 

2865 

l)  Component;  2)  normal  rate  of  flame  propagation, 
cm/sec;  3)  combustion  temperature,  °C;  4)  theoret¬ 
ical;  5)  experimental. 
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Fig.  174.  Area  of 
propylene  ignition 
with  nitrous  oxide. 

1)  Pressure,  mm  Hg; 

2)  concentration  of 
propylene,  %  by  vol¬ 
ume. 


Fig.  175.  Area  of 
butane  ignition  with 
nitrous  oxide,  l) 
Pressure,  mm  Hg;  2) 
concentration  of  bu¬ 
tane,  $  by  volume. 


mixture  on  specific  thrust  with  a  combustion-chamber  pressure  of  40.7 
atm.  The  greatest  specific  thrust  is  developed  at  a  =  O.85.* 

Aviation  kerosenes  of  the  JP-3  and  JP-4  types  are  employed  as  com¬ 
bustibles  with  nitric  acid;  these  kerosenes  are  saturated.  However, 
these  combustibles,  as  was  demonstrated  above,  are  not  too  active  and 
this  has  a  negative  effect  on  engine  operation. 

Pyrolysis  products  exhibit  greater  chemical  activity  in  ZhRD, 
since  these  contain  a  significant  quantity  of  unsaturated  hydrocarbons; 
.it  is  for  this  reason  that  the  USA  developed  a  special  combustible 
based  on  products  of  pyrolysis,  which  is  known  as  "HF-D. "  This  combus- 
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Pig.  176.  Design  of  ZhRD  combustion  chamber  operat¬ 
ing  on  kerosene  and  nitric  acid  to  produce  220  kg 
of  thrust  (dimensions  given  in  inches).  1)  Acid; 

2)  kerosene. 


Fig.  177.  Effect  of  propellant 
composition  (weight  ratio  of 
oxidizer  to  combustible)  and 
pressure  in  combustion  chamber 
on  specific  thrust  (specific 
impulse),  obtained  with  a  kero¬ 
sene-nitric  acid  propellant. 

1)  Oxidizer-to-combustible  ra¬ 
tio  -  4.8;  2)  5.53;  3)  6.32. 

A)  Specific  thrust,  kg- sec/kg; 

B)  pressure  in  combustion  cham¬ 
ber,  atm. 


tible  has  the  following  characteristics: 
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Fractional  composition: 

start  of  boiling . -122° 

50#  distilled  at  temperature....  -I650 

end  of  boiling . -220° 

Specific  weight .  0.94 

Freezing  point  not  above . -73° 

Viscosity  at  21°  not  above . -1.71  centistokes 

The  "HF-D"  combustible  burns  better  than  the  JP-4  gas-turbine  fuel. 


Fig.  178.  Effect  of  oxidizer  (nitric 
ac id ) -to-c ombustible  (kerosene)  weight 
ratio  on  specific  thrust  at  a  cham¬ 
ber  pressure  of  40.7  atm.  1)  Specific 
thrust,  kg/sec* kg;  2)  oxidizer-to- 
combustible  weight  ratio. 


TABLE  124 


Energy  Characteristics  for  Kerosene-,  Nitric  Acid-, 
and  Nitrogen  Oxide-Eased  Fuels  [16] 


1  OxiicjiHrcJifc 

2  y*?abtiufl  ii « n y/i i.c  (cch.)  npn  AaoacKiiii 

20  am 

30  am 

<0  am 

50  am 

00  am  - 

80  am. 

4-  -AjbTuaH'  xitaioTa-  98%/h«*—>.. 

-  226i 

237 

244 

247 

253 

260 

5  Aaomofi  KiiaioTu  80%  l 

6  Okmchob  a30Ta  20% 

228 

238 

I 

244 

250 

254 

262 

7  AaoTiiofi  Kiic/ioTu  00%  1 

8  OkiicAob  aaoTa  40%  j 

.  230 

215 

240 

255 

2G0 

265 

l)  Oxidizer;  2)  specific  impulse  (sec)  at  pressures 
of;  3)  atm;  4)  98 c/°  nitric  acid;  5)  80$  nitric  acid; 
6)  20$  nitrogen  oxide;  7)  60$  nitric  acid;  8)  40$ 
nitrogen  oxides. 


We  know  of  propellants  for  rocket  engines  that  have  been  derived 
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from  coaltars.  Monocyclical  and  polycyclical  aromatic  hydrocarbons  are 
contained  in  the  tar,  as  are  monatomic  and  biatomic  phenols. 

We  also  know  of  reaction  (jet)-engine  combustibles  derived  from 
shale  tars. 

Table  124  presents  the  energy  characteristics  of  propellants  based 
on  kerosene,  nitric  acid,  and  nitrogen  oxides  (Table  124). 

Nitric  acid  with  nitrogen  oxides  is  a  more  perfect  oxidizer  than 
98#  nitric  acid. 

In  the  USA,  98$  nitric  acid  was  replaced  for  anti-aircraft  rockets 
by  an  oxidizer  consisting  of  80#  nitric  acid  and  20#  nitrogen  oxides 
[15].  This  was  a  result  of  the  need  to  increase  the  stability  of  the 
oxidizer,  since  the  98#  nitric  acid  loses  oxygen  during  storage,  and 
this  oxygen  is  needed  in  order  to  develop  a  higher  pressure  in  the 
tanks. 

The  utilization  of  an  oxidizer  consisting  of  20#  NgO^,  and  80#  HNO^ 
results  in  an  increase  in  specific  impulse  by  2  to  3  units. 
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[Footnote ] 


Manu¬ 
script 
Page 

No. 

480  Weight  ratio,  4.5. 

485  Melange  refers  to  a  mixture  containing 

and  7*5#  HgSO^  (generally,  about  10#). 


Chapter  6 

FUELS  BASED  ON  CONCENTRATED  HYDROGEN  PEROXIDE 
Concentrated  hydrogen  peroxide  (concentration  80-90$)  has  come 
into  use  as  an  auxiliary  fuel  in  liquid  reaction-thrust  engines  (to 
drive  turbopumps)  and  as  a  monopropellant  fuel  for  aviation  starter 
engines,  and  was  used  earlier  (in  Germany)  as  an  oxidant  for  jet-pro¬ 
pulsion  fuels. 

Hydrogen  peroxide  has  been  used  in  the  following  objects  [1]: 

1)  rocket-propelled  interceptors; 

2)  guided  aerial  torpedoes; 

3)  starting  devices  for  launching  winged  missiles; 

4)  booster  engines  to  assist  aircraft  in  taking  off; 

5)  marine  torpedoes; 

6)  the  turbines  and  turbopumps  that  feed  fuel  into  rocket  engines. 
And,  finally,  concentrated  hydrogen  peroxide  is  used  as  a  source 

ox  oxygen  in  the  submarine  fleet. 

During  1942-1945,  concentrated  hydrogen  peroxide  was  used  in  liq¬ 
uid-fuel  rocket  engines  in  combination  with  hypergollc  combustibles. 

The  nature  of  the  reactions  of  hydrogen  peroxide  with  a  number  of 
combustible  substances  is  shown  in  Table  12.5. 

The  reactions  of  hypergollc,  combustibles  with  hydrogen  peroxide 
are  promoted  by  catalysts,  including  salts  of  iron,  copper  and  vanadium, 
Hydrazine  hydrate  self-ignites  well  with  hydrogen  peroxide.  Among 
organic  materials,  certain  alcohols,  aldehydes,  and  ketones  also  self- 
ignite  in  the  presence  of  catalysts.  Amines,  do  not  self-ignite  as  well 
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as  alcohols  and  ketones.  In  this  respect,  hydrogen  peroxide  differs  as 
an  oxidant  from  nitric  acid. 

Two  typical  combustible  compositions  have  been  used  [2]  as  self- 
igniting  combustibles  with  concentrated  hydrogen  peroxide  (87#). 

The  first  recipe  is  based1  oil  methyl  alcohol  and  hydrazine: 


I.  Methyl  alcohol .  57$ 

Hydrazine  hydrate .  30$ 

Water .  13$ 

Catalyst  -  potassium  copper  cy¬ 
anide  K^Cu^N)^ .  0. 24$ 

Heating  value .  1020  kcal/kg 

Specific  impulse  (at  20  atm) .  180  sec 


Hydrazine  was  of  interest  as  a  combustible  in  fuels  based  on  hy¬ 
drogen  peroxide  and  is  now  attracting  attention  as  a  combustible  for 
fuels  based  on  other  oxidizers. 

Hydrazine  is  a  substance  with  a  high  melting  point  of  +2°  and  a 
boiling  point  of  114°.  With  alcohols  (methyl,  ethyl,  etc.),  hydrazine 
forms  low-freezing  mixtures  [3]: 


Freezi: 

J 

point. 

NjIVCHjOH 

-47,3 

N,H«-2CH,OH 

-57,8 

NjHf/iCHjOlI 

— 69,5 

NtH.QH.OH 

— 31 ,2  1 

Figures  179  and  180  show  the  phase  diagrams  for  the  NgH^-CH^OH 
and  N^H^-CgH^OH  systems  as  functions  of  composition. 

Hydrazine  hydrate  NgH^HgO  has  a  melting  point  lower  than  that  of 
hydrazine,  i.e.,  -40°;  its  boiling  point  is  +119°. 

A  recent  development  is  the  "AR"  hydrogen-peroxide  liquid  rocket 
engine,  which  was  designed  for  use  on  "FI-4"  pursuit-interceptors, 
which  take  off  from  the  decks  of  ships  in  the  US  Navy  [4].  In  the  mid¬ 
dle  of  1959,  several  modifications  of  the  "AR"  engine  were  built  to 
operate  on  90$  hydrogen  peroxide  and  a  jet  combustible  of  the  type  of 
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TABLE  125  ,  ^  .  . 

Nature  of  Reactions  of  Certain  Combustibles  Diluted  with  Equal  Quanti¬ 
ties  of  Acetone  with  Concentrated  Hydrogen  Peroxide  [2] 


Combustible 


Nature  of  reaction  in  presence  of  cata¬ 
lyst 


V90j>CV5H20 


CuClr,*  2Ho0 


Trie  thy  lamine . . 

Butylamine . .  •  •  • 

Trie  thanolamine . 

Aniline . 

Xylidine . 

Cyclohexy lamine . 

Hydrazine  hydrate . 

Methyl  alcohol . 

Ethyl  alcohol . 

Isopropyl  alcohol . 

Isobutyl  alcohol . 

Isoamyl  alcohol . 

Tetrahydrofurfuryl  alcohol. . 

Furfuryl  alcohol . 

Allyl  alcohol . 

Benzaldehyde . 

Cinnamic  aldehyde . 

Furfurol . 


Reaction  without  ignition 


Reaction 

ft 

II 

Ignition  with  time 
delay 

Reaction 

Ignition 

Reaction 

It 


Ignition  with  time 
delay 

Ignition 

Ignition  with  delay 
Ignition 

Ignition  with  delay 

Ignition 

Reaction 

II 


Vigorous  reaction 

Ignition  with  delay 
Same 

Ignition  Ignition 

..  » 

»  Ignition  with  delay 

"  Ignition 

..  " 

H 


Ace  oone . • • . . 
Octylene. . . . 

Benzene . 

Cyclohexane, 


Vigorous  reaction 

Ignition  with  Reaction 

delay 

Does  not  react 

u  it  ii 


f 


JP-4  or  JP-5  kerosene. 

The  thrust  of  the  AR-2  engine  is  controllable  between  1360  and 
2720  kg  at  an  altitude  of  10. 7  km.  It  burns  for  three  minutes,  weighs 
104  kg,  and  is  800  mm  long.  Other  modifications  of  the  engine  -  the 
AR-2-1  and  AR-2-2  -  work  for  seven  minutes;  these  engines  are  l44o  mm 
long.  The  combustible  is  used  to  cool  the  engine;  its  combust  n  tem- 
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_  —  ••  **  .  IWtf 

2  Code, pxt Hue  CH,OH.  mm.  fi 

Fig.  179.  Diagram  of  state  of  NgH^- 

--CH3OH  system.  1)  Temperature,  °C; 

2)  CH^OH  content,  mole  %. 

perature  is  2700°  and  the  pressure  is  35-^2  atm,  depending  on  the 
thrust. 

A  silver-coated  metallic  screen  230  mm  in  diameter  is  used  as  a 
catalyst  for  decomposition  of  the  hydrogen  peroxide.  The  hydrogen  per¬ 
oxide  is  stored  in  a  fuel  tank  with  a  capacity  of  1140  liters,  the  con¬ 
sumption  of  oxidizer  is  380  liters/min,  and  the  weight  ratio  between 
the  oxidizer  and  the  combustible  is  7:1* 

In  1959#  more  than  100  flights  were  made  by  an  interceptor  equipped 
with  this  engine.  Over  104  minutes  of  operating  time  were  logged.  Plans 
for  further  refinement  call  for  increasing  the  thrust  of  the  engine  to 
5500  kg. 

Another  type  of  combustible  used  in  conjunction  with  hydrogen 
peroxide  includes  combustibles  containing  monobasic  phenols  [2]: 
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II.  Raw  pyrocatechol .  30$ 

Methyl  alcohol .  62.5$ 

Catalyst  K^Cu(CN)2| .  7.5$ 

Heating  value. .  1100  kcal/kg 

Specific  Impulse .  18O-I83  sec 


The  combustible  self-ignltes  with  concentrated  hydrogen  peroxide, 
with  a  short  time  delay.  In  ten  experiments,  the  delay  time  of  self- 
ignition  was  determined  to  range  between  0.014  and  0.033  sec.  The  av¬ 
erage  self-ignition  delay  was  0.024  sec. 

Table  126  presents  theoretical  characteristics  of  fuel  mixtures 
based  on  hydrogen  peroxide  and  a  number  of  combustibles. 


Pig.  180.  Diagram  of  state  of  N^H^- 
— CgH^OH  system.  1}  Temperature,  °C; 

2)  CgHpjOH  content,  mole-$. 

Fuels  consisting  of  90$  hydrogen  peroxide  with  kerosene  have  en¬ 


ergy  data  close  to  those  of  fuels  based  on  nitric  acid,  although  they 
are  somewhat  inferior  to  the  latter  as  regards  specific  impulse  and 
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TABLE  126 

Theoretical  Characteristics  of  Fuels  Based  on 
Hydrogen  Peroxide  [2]* 


KollllffllTfM. 

*111 «  HCpCKIICH 

MWopoju, 

Topioie* 

2 

OTMOmCNHC 

OKlICVUfTCJIW 

k  ropwscuy 

rtaoruocTh 

rOfWIHDl 

4 

Tcuncfu- 
typa  rope- 

_  »»*.  •  C 

D 

Cxopocrk 

NCTC'ICIINR, 

,  mIcck 

b 

Vacjumu* 

NMny^ikc, 

*  CCK 

7 

100 

8  rHApaami 

i.ir» 

1,23 

2150 

2120 

217 

100 

9  Kopocim 

5,75 

1,28" 

2580 

2300  • 

•  133 

100  1 

•  1 

0  (SnMonwfl  cmipr 

1  92,5%-iuafi) 

3.40 

1,22 

2410  . 

1 

.  ,2250 

•  229 

100  1 

1  HiiTpoMeran 

0,67 

,  ‘.27 

■  2690 

2230 

227 

57  ; 

•"  1  1 

2  McTIUlOBUfl  CnftpT,  ; 

1,00; 

I  1,28; 

>2550 

2250 

229 

87  ;.l 

3,70; 

;  ;iri£>: 

,2280 

2210 

225 

87 

1  ‘*1 

•  •  i»  :  ( 

'  '  .  ..*»  j  1: 

;  5,70; 

•  »!!*.  i 

:  1.24; 

t  \ , ; 

;  1038  ‘ 

1;.. ; . ;  ' 

1960 

*.‘ti  1 

199 

a  chamber  pressure  of  21  atm. 

JL?ydr?fen  Per°xide  concentration,  %;  2)  combus¬ 
tible;  3)  ratio  of  oxidizer  to  combustible;  4)  den 
sity  of  fuel;  5)  combustion  temperature,  °C;  6) 
outflow  speed,  m/sec;  7)  specific  impulse,  sec;  8 
hydrazine;  9)  kerosene;  10)  (ethyl  alcohol,  92.5# 
11)  nitromethane;  12)  methyl  alcohol. 


specific  gravity.  To  secure  stable  combustion  of  fuels  based  on  hydro¬ 
carbons  and  hydrogen  peroxide,  it  has  been  proposed  that  the  peroxide 
lirst  be  catalytically  decomposed  so  that  the  combustion  process  will 
take  place  in  heated  decomposition  products  [4,  5]. 


TABLE  127 

Theoretical  Characteristics  for  Hy¬ 
drogen  Peroxide  as  a  Monopropellant 
Fuel*  [4] 


lKonuriirpatjirs 
ilCpcKHCH 
RORopoflJ,  •/, 

PTcn/ionpom- 
[  nOAHTMW- 
1  MOCTb,  KKQAj K£ 

JjTcunep.iTypa 
P  npoAyKTon 

1  p-u/iotkciinw, 

1  *C 

fl  CKOpOCTb 
j  IICrC'ICtIHR, 
m/cck 

2  Vac/iuiuA 
HMny^ibc,  ctK 

100 

391 

975 

1130 

115 

!K) 

296 

738 

1300 

131  , 

.•  so 

1S5 

580 

• 

90 

*Chamber  pressure  21  atm. 

1)  Hydrogen  peroxide  concentration, 

2)  heating  value,  kca.l/kg;  3)  tempera¬ 
ture  of  decomposition  products,  °C;  4) 
outflow  speed,  m/sec;  5)  specific  im¬ 
pulse,  sec. 
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TABLE  128 

Density  and  Viscosity  of  Concentrated  Solu¬ 
tions  of  Calcium  Permanganate  [6] 


1  KoHU'HrpJUXX 

2 

miOTMOCTk 

3  BuJKocTh.  caiiTiiniysu 

non*  MnO", 

40* 

% 

10* 

w 

«0‘ 

10* 

25* 

20 

1,209 

1,201 

1,187 

1,667 

1,181 

0,896 

30 

1,347 

1,336 

1,324 

1,704 

1,542 

1,175 

40 

1,506 

1,493 

1,479 

3,230 

2,310 

1.S77 

52 

1,750 

1,734 

1,719 

9,360 

G,270 

4,520 

1)  Concentration  of  MnOjj  Ion,  $;  2)  density; 

3)  viscosity,  centipoises. 

It  appears  that  hydrogen  peroxide  will  not  be  used  to  any  signifi¬ 
cant  extent  in  the  future  as  an  oxidant  for  bipropellant  fuels.  How¬ 
ever,  concentrated  hydrogen  peroxide  can  be  used  as  a  single-component 
fuel.  In  this  case,  the  hydrogen  peroxide  is  decomposed  with  evolution 
of  a  large  quantity  of  gases  that  have  been  heated  to  high  temperature. 
But  the  specific  impulse  that  results  is  considerably  smaller  than  that 
available  from  ordinary  rocket  fuels  (Table  127). 

The  properties  of  the  decomposition  products  of  90$  hydrogen  per¬ 


oxide  are  listed  below: 

Heating  value . . .  617  kcal/kg 

Temperature  of  gases .  730° 

Volume  of  gases .  1700  liters/kg 

Partial  volume  of  Og . .  0. 2994  mole 

Partial  volume  of  HgO .  0.7076  mole 

Og  content  in  gaseous  mixture .  42.3  $  by  weight 


Figure  l8l  shows  the  most  important  characteristics  of  HgOg  as 
functions  of  concentration.  It  will  be  seen  from  these  characteristics 
that  at  a  64.5$  HgOg  concentration,  so  much  heat  is  evolved  that  the 
entire  solution  is  vaporized  at  100°;  at  an  80$  concentration,  the 
HgOg  gives  a  vapor-gas  mixture  with  a  temperature  of  460°,  while  100$ 
H909  gives  a  vapor-gas  mixture  heated  to  950°  • 
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Figure  182  presents  a  temperature -enthalpy  diagram  showing  the 
final  decomposition  temperature  as  a  function  of  the  HgOg  concentra¬ 
tion  and  the  pressure  jo. 

Hydrogen  peroxide  is  used  as  a  monopropellant  fuel  In  combination 
with  aqueous  solutions  of  calcium  or  sodium  permanganate  as  a  catalyst 
Such  a  fuel  was  used  for  the  "Focke-Wulf"  and  "Heinkel"  aircraft, 
whose  engines  developed  thrusts  of  300,  500,  and  1000  kg,  and  in  the 
starting  devices  for  winged  missiles. 


TABLE  129 

Freezing  Point  of  Aqueous  Solu¬ 
tions  of  Calcium  and  Sodium 
Permanganates  [6] 


1  KOHUCNrpAUHB 

2  Tcxncp.iTypj  UMfp.vixim 
P.ICTIOPJ,  *  C 

UOH1  MnO/,  ,  % 

Ca(MnO,).HiO 

1 

|  NaMnO, '311,0 

5 

-1 

15 

-4.5 

— 

25 

-10 

-  0 

35 

-22 

— 

41 

— 

-15 

42 

-37 

45 

-53 

— 

52 

-40 

— 

l)  Concentration  of  MnO^“  ion, 

$;  2)  freezing  point  of  solu¬ 
tion,  °C. 


In  these  systems,  catalytic  decomposition  of  hydrogen  peroxide  is 
effected  with  Ho0g  and  a  concentrated  solution  of  NaMnO^  or  Ca(MnO;_j)g 
fed  simultaneously  into  the  chamber  of  the  liquid  rocket  engine.  The 
leaction  begins  quickly  with  a  smooth  rise  in  pressure  to  90-70  kgf/cm 
in  0.01-0.02  sec.  The  catalyst  contains  40-50$  of  the  ion  MnOjj  in  aque 
ous  solution  and  is  taken  in  quantities  of  about  5-8$  to  the  hydrogen 
peroxide.  The  catalyst  must  enter  the  reaction  chamber  slightly  in  ad¬ 


vance. 


Fig.  l8l.  Vapor  temperature  tD 

and  physical  parameters  as 
functions  of  concentrations  of 
HgOg  solution  at  pressure  of 

1  atm  and  initial  temperature 
of  0°.  a,b,c)  Region  of  liquid 
phase,  wet  vapor  and  super¬ 
heated  vapor ;  d)  temperature 
level  at  which  complete  evap¬ 
oration  takes  place;  e)  curve 
of  oxygen  content.  1)  con¬ 

centration,  2)  fraction  of 
H2°2;  3)  fraction  of  C>2;  4)  Q„, 

kcal/kg;  Qf,  kcal/kg;  5)  Cp, 
kcal/kg- °C;  6)  y,  g/cm^. 


Thus,  a  necessary  component  for  a  fuel  of  this  type  is  the  per¬ 
manganate  solution,  which  can  be  replaced  by  a  solid  catalyst  inserted 
into  the  combustion  chamber. 

It  is  appropriate  to  list  the  physicochemical  properties  of  per¬ 
manganate  solutions  in  connection  with  their  use  in  rocket  engines 
(Figs.  183  and  J.84;  Tables  128  and  129). 

Figure  184  shows  the  freezing  temperatures  of  calcium  permanganate 
solutions  as  functions  of  concentration. 
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Fig.  182.  Final  decomposition  tem¬ 
perature  tE  and  moisture  content  x 

of  I-igOg  solution  as  a  function  of 
heat  of  decomposition  Q^.  and  the  con¬ 
centration  of  H202  at  various  pres¬ 
sures  and  an  initial  temperature  of 
0°.  1)  atm;  2)  kcal/kg;  3)  ^2°2 

concentration,  $. 

Special  measures  are  required  in  technical  use  of  such  unusual 
permanganate  solutions.  Thus,  for  example,  these  solutions  literate 
oxygen  quite  readily  and  can  ignite  many  organic  materials. 

"Summer"  and  "winter"  permanganates  were  used  in  Germany  [1]. 
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Fig.  183.  Density  and  viscos¬ 
ity  of  calcium  permanganate 

solutions,  l)  Density,  g/cm^; 
2)  viscosity,  centipoises;  3) 
permanganate  content,  %. 


Fig.  184.  Freezing  point  of 
aqueous  solutions  of  calcium 
permanganate  as  a  function  of 
Ca(MnO^)2  concentration,  l) 

Temperature,  °C;  2)  perman¬ 
ganate  content,  $. 
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Pig.  185.  Gas-generator  chamber  of  Wal¬ 
ter  engine,  l)  Steel  housing;  2)  bracket; 
3)  gas-exit  tube;  4)  cover;  5)  injector 
nozzles;  6)  pipeline  for  hydrogen-perox¬ 
ide  feed;  7)  catalyst  carrier;  8)  per¬ 
forated  plate. 


Fig.  186.  Influence  of  H,.^  concentration  and  cham¬ 
ber  pressure  on  specific  thrust  produced  in  cata¬ 
lytic  decomposition  of  hydrogen  peroxide,  p)  Cham¬ 
ber  pressure;  pQ)  pressure  at  nozzle  exit  section. 

l)  Specific  impulse,  sec;  2)  p/pQ  ratio. 


Sodium  permanganate  could  be  used  in  summer.  But  its  low  solubil¬ 
ity  and  the  resulting  high  freezing  points  of  the  solutions  did  not 
permit  its  use  in  winter.  Under  winter  conditions,  therefore,  the  more 
soluble  and  lower-freezing  calcium  permanganate  was  used,  e.g.,  in  the 
following  composition: 

Ca(Mn04),  .  .  . *,  38,6% 

NaMnOi  .  1,75% 

Mg .  OieAu  1 

K . ». . ‘  HeT  2 

■  3  naoTHOCTb  (24 .  1,406 

pH . 4,91 

4  TtMncparypa  aaMepaaHiiR  .  .  —20* 

1)  Traces;  2)  none;  3}  density  ’ 

(24°);  4)  freezing  point. 

Concentrated  hydrogen  peroxide  is  used  to  drive  fuel-feeding  tur¬ 
bopumps  [7].  Catalytic  decomposition  of  H20o  results  in  a  vapor-gas 
mixture  that  drives  the  turbine. 

Catalytic  decomposition  of  hydrogen  peroxide  takes  place  in  a  spe¬ 
cial  gas  generator  which  has  a  chamber  filled  with  a  solid  catalyst, 
such  as  fragments  of  cement,  porcelain  or  some  other  silicate  material 
Impregnated  with  permanganates.  The  catalyst  must  have  mechanical 
strength  and  high  activity  over  the  entire  operating  period. 

Figure  185  shows  a  chamber  for  decomposition  of  hydrogen  peroxide 
as  used  in  the  Walter  gas-generator  motor,  which  operates  on  hydrogen 
peroxide  [8], 

The  auxiliary  gas-generator  motor  developed  90  hp.  The  motor  was 
designed  to  feed  oxidizer  (hydrogen  peroxide)  and  combustible  (alcchol- 
hydrazine)  into  the  combustion  chamber  of  the  main  liquid  rocket  engine, 
which  develops  a  thrust  of  1700  kg.  The  Walter  engine  was  installed  on 
interceptors  [9]. 

Figure  186  shows  the  influence  of  HgOg  concentration  and  combus¬ 
tion-chamber  pressure  on  the  specific  impulse  developed  in  catalytic 
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decomposition  of  hydrogen  peroxide  [10]. 
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Chapter  7 

FUELS  BASED  ON  LIQUID  OXYGEN,  OZONE,  AND  FLUORINE 

i 

Fuels  based  on  liquid  oxygen  are  distinguished  by  high  heating 
values  and  high  energy  indicators.  As  a  result,  they  have  come  into 
use  in  long-range  rockets. 

Ozone  and  fluorine  and  its  compounds  can  be  used  as  oxidants  for 
rocket  combustibles.  Table  130  shows  the  physicochemical  properties  of 
the  oxidizers  listed. 


TABLE  130 

Physicochemical  Properties  of 
Certain  Rocket  Oxidizers 

In/iOTHOcru  npii 


6 

I 

9 

10 

II  TcTpaijjTopriupa-  |  ' 

311(1 . .  “  I  —  73  ,  — 

1)  Oxidizer;  2)  melting  point, 
°C;  3)  boiling  point,  °C; 
density  at  boiling  point;  5) 
oxygen;  6)  ozone;  7)  fluorine; 
8)  fluorine  oxide;  9)  chlorine 
trifluoride;  10)  perchloryl 
fluoride;  11)  tetrafluorohydra- 
zine. 


As  we  have  already  noted,  liquid  oxygen  is  the  basic  form  of  ox¬ 
idizer  for  long-range  rockets.  The  combustible  components  used  with 
such  oxygen-base  fuels  are  alcohols  and  hydrocarbon  mixtures. 
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Alcohols  containing  varying  quantities  of  water  were  first  used 
for  this  purpose.  Such  a  composition  of  the  rocket  fuel  ensures  favor¬ 
able  conditions  for  cooling  the  walls  of  the  engine  by  the  combustible 
component  of  the  fuel,  while  a  lower  temperature  is  developed  in  the 
engine's  combustion  chamber  than  is  the  case  with  combustion  of  a  fuel 
consisting  of  hydrocarbons  and  oxygen. 

Theoretical  characteristics  for  liquid-oxygen-based  fuels  are 
listed  in  Table  13 1. 

Nitrogen-containing  combustibles  (ammonia  and  hydrazine),  used 
with  oxygen,  provide  a  fuel  distinguished  by  a  higher  specific  thrust 
than  the  hydrocarbon-based  fuels,  but  a  lower  combustion  temperature. 

A  liquid-hydrogen/liquid-oxygen  fuel  gives  the  highest  specific 
thrust,  but  has  a  low  density  ( 0. 33 ) . 

Recently,  ever-increasing  attention  has  been  devoted  to  hydrazine 
and  its  homologs  (methyl  hydrazine  and  dimethyl  hydrazine).  The  prop¬ 
erties  of  these  compounds  were  dexcribed  in  Chapter  4  (Part  Two). 

Hydrazine  is  an  extremely  active  combustible.  The  ignition  range 
of  hydrazine  vapor  with  oxygen  is  extremely  wide;  this  is  accounted 
for  by  the  endothermic  nature  and  high  chemical  activity  of  hydrazine.* 

Nitrogen-containing  combustibles  are  more  efficient  than  kerosenes, 
as  will  be  evident  from  the  following  example: 


2 


1 


Topio'icc 


riJlOTIIOCTb  TOnjlXDI 


1.  Kepocmi . 

2.  N'.H,  —  50%  .  .  .  . 
H2N2(CH,)2-50%  . 

3.  H2N,  (CH,),  — 60%  . 
NH  (QH4NH:)j  -  40% 

4.  HjNj  (CHj)j  ..... 

5.  N2H« . 

6.  NH, . 


1,02 

1,02 

1,02 

0,98 

1,07 

0,89 


3  JOlCJIbllMfl  IIMtlyflbC 
(p/p,  =  00),  CCK. 


300 

312 
300 

310 

313 
294 


1)  Combustible;  2)  density  of  fuel;  3)  specific  im¬ 
pulse  (p/pQ  =  50),  sec. 
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TABLE  131 

Theoretical  Characteristics  of  Oxygen-Based  Fuels* 


r 


1 


Toimxio 


gKiiCflopoA  -f  w>AopoA  . 
KlKVIOpOA  -j-  aUMIIAK  .  . 
1 1  Kiic.iopoA  +  riiApajuii  . 
12  Kmmopoa+  niApajHii  . 
13  KiicaopoA  -f  riiApaaiiH.  . 
14  Kiicaopoa  +  100%-Hufi 

JTiiaoBUH  cnnpr  .  .  . 
13  KiicaopoA  +  95%  •Iihii’i 

»TII.'U«JUfi  CmtpT  .  .  , 

16  KuciopoA  +  75%-nuft 
stiiaobmA  cnnpT  .  .  . 
17  KucnopoA  +  100% -hum 

MCTIiaOBUlt  cnnpT  ,  . 
18  KlICAOpOA  4*  MCTatl  .  .  . 

19  KwcaopoA  +  rajo-iiiH.  . 

20  Kncanpofl  -f  (iciijiiii  .  , 

21  KlICJlopOA  +  MCTHJiaMHII. 
22  KucnopoA  +  HllTpOMCTail 
23  Ojoii  +  Tonyoa . 


2, 

fix 

III 

3?* 

z  £  0 
gs? 

oS£ 

4*  , 

a  r 

fit. 

0** 
u;  £  S 

5  3  4 

8 

c  •?  * 

£  gv 

hSS 

6 

si 

X  r  y 

|s« 

uS* 

1-7  V 

V- 

4  K 

>• 

4  X 

0,330 

3,00 

0,85 

3523 

255 

2366 

• 

0,980 

1,40 

1 

1000 

2500 

358 

2733 

• 

1,090 

0,57 

1 

— 

2020 

267 

1,050 

0,50 

0,83 

— 

2540 

259 

2480 

• 

— 

0,33 

0,03 

— 

2414 

246 

— 

• 

0,900 

1,50 

0,89 

2020 

2340 

243 

2910 

• 

0,998 

— 

— 

1970 

2420 

— 

• 

0,994 

1,30 

_ 

1700 

2310 

239 

2770 

• 

0,895 

1,25 

0,92 

1870 

2300 

238 

2860 

• 

— 

3,00 

— 

—  ' 

2400 

255 

2750 

• 

0,985 

2,50 

0,92 

2270 

2340 

242 

3000 

• 

— 

1,50 

— 

— 

2280 

244 

2240 

• 

0,985 

2,00 

— 

— 

2000 

2GG 

3060 

1,1390 

0,08 

— 

— 

2220 

225 

2590 

2820 

1 

265 

1 

2705 

*With  a  combustion-chamber  pressure  of  21  atm  and 
expansion  of  the  combustion  products  to  1  atm. 


1)  Fuel;  2)  density  of  fuel  at  20°;  3)  oxidant: 
:combustible  ratio;  4)  excess-oxidant  ratio;  5) 
heating  yield,  kcal/kg;  6)  outflow  speed,  m/sec; 

7)  specific  impulse,  sec;  8)  combustion  tempera¬ 
ture,  C;  9)  oxygen  +  hydrogen;  10)  oxygen  +  am¬ 
monia;  11)  oxygen  +  hydrazine;  12)  oxygen  +  hy¬ 
drazine;  13)  oxygen  +  hydrazine;  14)  oxygen  +  100$ 
ethyl  alcohol;  15)  oxygen  +  95$  ethyl  alcohol;  16) 
oxygen  +  75$  ethyl  alcohol;  17)  oxygen  +  100$ 
methyl  alcohol:  18)  oxygen  +  methane:  19)  oxygen  + 
+  gasoline;  20)  oxygen  +  benzene;  21)  oxygen  + 

+  methyl  amine;  22)  oxygen  +  nltromethane;  23) 
ozone  +  toluene. 


The  second  combustible,  No.  2,  which  is  known  as  aerozine,  has 
superior  indices. 

According  to  data  of  the  theoretical  rocket-fuels  division  of 
North  American,  rocket  fuels  based  on  liquid  oxygen  have  the  charac¬ 
teristics  Indicated  in  Table  13 2. 

In  recent  years,  JP-4  gas-turbine  kerosene  has  been  replaced  by  a 
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TABLE  132 

Characteristics  of  Liquid  Rocket  Fuels  Based 
on  Oxygen  and  Ozone 


1  Toiimo 

2  Ucconoc 

OTNOUICime 
OKHf  AMTCAN 

k  ropn<icMy 

3 

iMOrilOCTb 
iipit  27* 

k  v 

Vac^.iiuA 
NMnyAbc  (np» 
21  am),  ecu, 

^CMncparyjM 
ropCHU*,  *C 

6  KucAopod 

7  ibOTIMICIITpSKIIMH  .  .  . 

1.5 

1,00 

238 

3065 

d  Ammiuk  ...  . 

.  .  • 

1.3 

0.88  , 

255 

2725 

9  aniJioBufi  cniipr  75S-A 

1.3 

0,09 

225 

2845 

10  »  » 

92,5-A 

1.5 

0,08 

rp 

2950 

11  nupUHH  .  .  . 

•  •  • 

0.75 

1.0G 

267 

12  Boaopoa  ...  . 

•  >  • 

8 

0,43 

360 

amm 

13  JP-< . 

•  •  • 

2.3 

0,98  . 

247 

3190 

14  Outaii  ...  . 

•  •  • 

2.4 

0,96 

252 

3200 

15  AHMeTHJiniApajHH  .  .  .  | 

1.4 

0,96 

249 

3120 

16  Ojoh 

17  Oaoii  +  JP-4  . 

•  •  • 

2,4 

1,14 

260 

3525 

23  0*>h  —  3094 

KiicnopoA— 7094 

|+JP-4 

2,3 

1,04 

252 

3290 

2g  Ojoii  —  7094 

1  ... 

^  KiicAopoA— 3094, 

I+JP-4 

2.3 

1,08 

257 

3415 

1)  Fuel;  2)  weight  ratio  of  oxidizer  to  com¬ 
bustible;  3)  density  at  27°;  4)  specific  im¬ 
pulse  (at  2o  atm),  sec;  5)  combustion  tempera¬ 
ture,  °C;  6)  oxygen;  7)  diethylene triamine; 

8)  ammonia;  9)  75#  ethyl  alcohol;  10)  same, 
92.5#;  11)  hydrazine;  12)  hydrogen;  13)  JP-4; 
14)  octane;  15)  dimethyl  hydrazine;  16)  ozone; 
17)  ozone  +  JP-4;  18)  30#  ozone  and  70#  oxy¬ 
gen  +  JP-4;  19)  70#  ozone  and  30#  oxygen  + 

+  JP-4. 


special  "RP-1"  rocket-engine  kerosene.  The  physicochemical  constants 
of  this  kerosene  are  more  stable  and  it  is  more  highly  purified. 

"RP-1"  rocket  kerosene  has  a  heating  value  =  10,280  kcal/kg,  a 
density  of  0.8,  a  freezing  point  no  higher  than  -40°,  a  flash  point  of 
-^3.3°  [sic],  and  a  boiling  range  from  185  to  274°. 

The  use  of  "RP-1"  kerosene  in  the  US  ballistic  rockets  "Thor"  and 
"Atlas"  and  in  the  "Vanguard"  space  rocket  has  been  reported  [5]. 

The  problem  of  using  liquid  hydrogen  in  rocket  engineering  is  un¬ 
der  intensive  study  in  the  USA. 

Liquid  hydrogen  has  been  in  production  in  the  USA  since  1957  at 
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two  small  plants,  and  by  1959  a  plant  had  been  placed  in  operation  in 
Florida  to  produce  several  tons  of  hydrogen  per  day.  The  hydrogen  is 
produced  by  partial  oxidation  of  methane  [C], 

The  liquid  hydrogen  is  stored  at  the  plants  in  special  106-in^ 
tanks  and  in  spherical  reservoirs  with  capacities  of  380  m^.  The  evap¬ 
oration  losses  in  these  containers  come  to  0.06  to  0.2h%  per  day.  The 
reservoirs  are  connected  with  the  plants  by  pipelines  to  return  the 
gaseous  hydrogen,  and  the  liquid-hydrogen  pipelines  are  vacuum-insu¬ 
lated.  Liquid  pumps  are  used  to  transport  the  liquid  hydrogen.  Tractor- 
trailers  carrying  26-m3  tanks  are  used  at  the  plant  to  haul  the  liquid 
hydrogen  to  its  points  of  use. 

A  pipeline  more  than  1.6  km  long  was  built  from  the  plant  to  the 
test  area  to  provide  for  engine  testing.  About  200  m^  of  liquid  hydro¬ 
gen  was  used  in  a  single  test. 

Spilled  hydrogen  evaporates  or  burns;  certain  sources  regard  it 
as  less  of  a  fire  hazard  than  gasoline.  The  possibility  of  using  liq¬ 
uid  hydrogen  has  been  under  study  in  the  USA  for  more  than  10  years. 
Thus,  as  long  ago  as  1952,  tests  of  a  fuel  consisting  of  liquid  hydro¬ 
gen  and  oxygen  in  a  static -test  engine  developing  1350  kg  of  thrust 
were  reported. 

Mixtures  of  hydrogen  with  oxygen  and  fluorine  are  characterized 
.In  Table  132a. 

The  largest  engine  developed  for  liquid  hydrogen  develops  a  thrust 
of  68  tons  at  the  surface  and  has  already  been  tested  dozens  of  times. 
Engines  developing  800  kg  and  6800  kg  of  thrust  are  under  development; 
these  will  be  used  for  the  last  stages  of  the  "Saturn"  cosmic  rocket 
vehicle  in  the  USA. 

Liquid  hydrogen  can  be  used  as  a  working  fluid  for  nuclear  rocket 


engines. 


TABLE  132a 

Characterization  of  Fuel  Mixtures  Based  on  Hydrogen 


1  OMNUlirCAfc 

J2  Ornoiitcuiie 

F  OKIICJI  IITCAfc! 

|  r  op  iohcc 

3  n/tOTHi>CTk  ' 
TOIMIIO* 

^TcMnopA’fyp* 
ropcMiiH,  *C 

5u,iMciiHe 

•  KaMcpc,  on 

^  Vami.iimA 
MMfiyjlbC 
(P/P  l»«0),CfK. 

7  Kioopo* . . . ;  ... 

3.4 

0,26 

2420 

68 

388 

> 

22,5 

0,09 

2580  " 

58 

244 

» 

3,5 

0,26 

— 

33 

366 

> 

8  Ojoh . 

9  Qrop . 

2.9 

2,(55 

4,54 

0,23 

0,23 

0,38 

2140 

2420 

2500 

19,4 

19,4 

68 

357 

373 

398 

» 

29,80 

0,91 

4300 

68 

316 

I 

19,0 

0,75 

— 

41 

345 

1 

4.0 

0,32 

2700 

41 

381 

1)  Oxidizer;  2)  oxidizer: combustible  ratio;  3)  den¬ 
sity  of  fuel;  4)  combustion  temperature,  °C;  5) 
chamber  pressure,  atm;  6)  specific  impulse  (p/p  = 

=  40),  sec;  7)  oxygen;  8)  ozone;  9)  fluorine. 

The  physicochemical  properties  of  liquid  hydrogen  are  listed  be¬ 


low  and  at  the  end  of  the  book. 

Molecular  weight .  2.0lb 

Boiling  point,  °C . -252.78 

Melting  point,  °c .  -259.1 

Density  of  liquid  H2  at  -252.7° . -0.0695 

Heat  of  evaporation  at  -252.7° .  O.O695 

Viscosity  at  -252.7°,  centistokes .  1.362* 10“^ 

Critical  temperature,  °C .  -239.9 

Critical  pressure,  atm .  12.8 

Density  at  critical  point .  0.031 

Heating  value  at  25° .  28,669 

Heat  content  of  liquid  H^  at  -259°, 


kcal/mole* degree .  3*31 

Ozone  was  investigated  in  Germany  (1942-1945)  as  an  oxidizer  for 
reaction-thrust  engine  fuels.  Experiments  indicated  that  gaseous  and 
liquid  ozone  cannot  be  used  for  this  purpose  because  of  the  high  explo¬ 
sion  hazard.  Thus,  gaseous  mixtures  of  oxygen  with  ozone  are  capable 
of  exothermic  reaction  (due  to  conversion  of  the  ozone  into  oxygen)  in 
the  tanks  and  pipelines  at  ozone  concentrations  of  even  10$  by  weight 
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and  higher  on  local  heating.  However,  the  Initiated  reaction  la  capable 
of  stable  self-propagation  only  at  ozone  concentrations  of  at  least 
11%.  When  such  a  mixture  decomposes  In  a  closed  space,  the  pressure 
rises  to  2  atm.  In  gaseous  mixtures  containing  40-50*  of  ozone,  a  flame 
appears  on  decomposition  and  the  measure  rises  to  6-10  atm.  All  this 
renders  difficult  -  If  not  excluding  it  altogether  -  the  use  of  fuel 
mixtures  based  on  ozone.  In  spite  of  their  high  heat  yields. 


Fig.  187.  Theoretical  charac¬ 
teristics  of  hydrogen- oxygen 
fuel  at  various  compositions. 

1)  Combustion  temperature,  °C; 

2)  specific  thrust,  kg* sec/kg; 

3)  ratio  of  oxidizer  to  com¬ 
bustible  In  mixture  (by  weight): 

4)  temperature;  5)  p  _  21 

kg/cm2;  6)  specific  thrust;  7) 
molecular  weight;  8)  molecular 
weight  of  gases. 


However  [6],  certain  investigators  regard  itas  quite  feasible  to 
use  ozone  as  an  oxidizer  in  the  form  of  a  20;?  solution  in  oxygen.  Pae- 
tory  tests  have  been  made  with  such  a  system. 

Figures  187,  188,  and  169  present  theoretical  characteristics  of 


Pig.  188.  Theoretical  specific 
impulse  <pua>  of  a  number  of 

fuels  as  a  function  of  excess- 
oxidizer  ratio  (a)  at  various 
chamber  pressures.  1)  Kerosene- 
nitric  acid;  2)  93.5$  ethyl 
alcohol-liquid  oxygen:  3)  kero¬ 
sene-liquid  oxygen.  A)  P  d;  B) 

(60  atm  abs). 


oxygen-based  fuels  with  such  combustibles  as  hydrogen,  kerosene  and 
75%  ethyl  alcohol. 

Figure  188  shows  the  theoretical  specific  impulse  as  a  function 
ol  excess-oxidizer  ratio  for  various  pressures,  while  Pig.  189  shows 
he  theoretical  specific  inpulse  of  the  A-4  engine's  fuel  (liquid  oxy¬ 
gen  and  75%  ethyl  alcohol)  for  various  altitudes. 

At  an  altitude  of  28-30  Jon,  the  specific  impulse  increases  by  15- 
after  which  it  undergoes  no  further  change.  The  engine  thrust  in¬ 
creases  in  accordance  with  the  specific  thrust.  As  will  be  seen  from 

Pig.  189,  the  theoretical  and  actual  engine  thrusts  are  quite  similar 

[2]. 


According  to  recent  data,  the  specific  thrusts  of  fuels  at  p/pQ  - 
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35  are  as  follows:  kerosene-oxygen,  265;  kerosene-fluorine,  275; 
oxygen-ammonia,  270;  fluorine-ammonia,  305;  hydrazine-oxygen,  280;  hy 
drazlne-f luorlne ,  320;  and  hydrogen-fluorine,  375  see. 

Table  133  lists  the  composition  of  the  combustion  products  and 
the  basic  parameters  of  the  process  as  functions  of  the  fuel-mixture 
composition  for  a  liquid-oxygen-and-gasoline  fuel. 


TABLE  133 


Characteristics  of  Combustion  Process 
sisting  of  Liquid  Oxygen  and  Gasoline 


of  Fuel  Con- 
[2] 


'1  Coernn  npoflymon  crnp.v 
mi*  *  w.iMrpc  AftHr-ucxx 
npH  TcMiirp.irype  rope. 
Nil*,  MOJIMpHUO  AMU 

2  CocT.m  Ton^mu.  % 

-0,  -  .',0. 

3  Acii.aif  11 

r  -50 

0,  -  08, 
Gemini 
-.14 

0,  -  111, 2, 
Gemini 
-10, H 

0.-72.4, 

Gemini 

— ai.i;» 

0.-73.G 

Gemini 

-76.4 

0,-75. 
0cn  111 M 
—25 

0.-77.3.  _ 
Grinnu  X 
—22.7  ••  ^ 

CO 

CO, 

H, 

n,o 

H 

OH 

0, 

0 

0,455 

0,023 

0,382 

0,125 

0,000 

0,000 

0,000 

0,000 

O/i  || 
0,07!) 
0,215 
0,278 
0,012 
0,000 
0,000 
0,1)00 

0,37 

0, 10!) 
0,152 
0.320 
0,020 
0,028 
0,003 
0,002 

0,322 

0,137 

0, 105 
0,330 
0,028 
0,001 
0,008 
0,000 

0,280 

0,100 

0,079 

0,330 

0,027 

0.0S5 

0,019 

0,010 

0,243 
0,180 
0,057 
.  0,325 
0,025 
0,104 
0.02S 

o.oir, 

0,198 

0,202 

0.03S 

0,305 

0.O2I 

0,12'. 

0,085 

0,02i; 

4lcMnepaTypa,  *C 
iiMnyjibc, 

CCK. 

1480 

200 

2590 

23C 

2850 

240 

3020 

242 

3090 

241 

1 

3110 

238 

3130 

23'. 

-  O.92. 

**a  -  1.0. 


srs. 


Table  134  shows  the  influence  of  pressure  on  the  combustion  cha: 
ac ter is tics  of  the  fuel. 

With  increasing  combustion-chamber  pressure,  the  specific  thrusi 
increases  and  the  combustion  temperature  rises  slightly. 

Alcohols  [3,  5,  6,  7]  were  used  as  combustibles  In  the  first  en¬ 
gines.  75$  ethyl  alcohol  and  liquid  oxygen  were  used  as  a  fuel  in  the 
German  long-range  A-4  rocket.  Alcohols  are  still  of  some  taponance  a 
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Pig.  189.  Theoretical  specific 
impulse  of  A-4  engine  burning 
liquid  oxygen  and  75#  ethyl  al¬ 
cohol  and  theoretical  and  ac¬ 
tual  engine  thrusts  as  func¬ 
tions  of  altitude.  Pud  is  the 

theoretical  specific  impulse 
and  Pn  is  the  theoretical 

(solid  line)  or  actual  (broken 
line)  engine  thrust.  1)  P,  tons; 
2>  Pud’  sec;  3)  Pn  (real);  4) 

Pn  (theoretical);  5)  Pud  (the¬ 
oretical);  6)  Pud>0;  7)  H,  km. 


the  present  time  as  rocket  combustibles  [8], 

Let  us  consider  the  properties  of  the  homologous  series  of  ali¬ 
phatic  saturated  alcohols  from  the  standpoint  of  their  usefulness  as 
rocket-engine  combustibles  (Table  135). 


TABLE  134 


Influence  of  Pressure  on  Combustion 
Characteristics  of  Fuel  Consisting 
of  75#  Ethyl  Alcohol  and  Oxygen  [2] 


1 

1  Xap'iKTepnciHKa 

|  2  A'in/icimc  n  KflMcpc,  am 

10  |  20 

50 

TcMncpaTypa,  0  C . 

yflwibHUH  UMnyjii.c,  cck.  .  .  . 

2574 

210 

2585 

235' 

2013 

250 

■t 

1)  Characteristic;  2)  chamber  pres¬ 
sure,  atm;  3)  temperature,  °C;  4) 
specific  impulse,  sec. 


Alcohols  from  methyl  to  propyl  have  a  slightly  lower  efficiency 
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TABLE  135 

Comparative  Characterization -of  Fuel  Mixtures 
Based  on  Alcohols  and  Cyclohexane  [2] 


1  Topioice 

3 

*Bopny/ia 

3 

T.  n*., 

•r* 

w 

(4 

Tcnjw- 

Tbcpua* 

cuoco6- 

IIOCTli, 

kkqaIki 

5  Cocras 

TOtlJIMK*,  % 

8 

yACJtKiio* 

raaooOpa- 

aooaiuio, 

9 

y  Ac,nwu* 

Tcn.ionpo* 

lunoAH* 

TCVIMIOCTb, 

kkqaIk* 

pOCTI. 

Hereto- 

HMH, 

mIcck  • 

6 

cnupr 

kiicao* 

7p«a 

L 

11  MCTilAOOfalft  CnilpT 

CHjOH 

-  94,0 

5330 

40 

60 

830 

1870 

2380 

12  aiHJionwfi  *  » 

CjHiOH 

— 

7180 

32,4 

57,6 

'  780 

2020 

2410 

13  npOWIJlOliUH  > 

CaH,OH 

-127 

8050 

20,4 

70,6 

7C8 

2100 

2550 

14  ftyTMJlOBUII  > 

G,H,OH 

-  S9.H 

8000 

27,3 

72,7 

763 

2200 

2610 

15  rCXCiMIODUfi  > 

C,H„OH 

-  51,6 

— 

22,7 

77,4 

748  . 

2270 

2660 

16  UHiuioreKcaH 

C,Hn 

— 

— 

— 

— 

747 

1 

2280 

2660 

^ln  a  fuel  mixture  with  oxygen  at  25  atm. 

1}  Combustible;  2)  formula;  3)  melting  point,  °C; 
4]  heating  value,  kcal/kg;  5)  fuel  composition,  /; 
6)  alcohol;  7)  oxygen;  8]  specific  gas  production, 
liters/kg;  9)  specific  heating  yield,  kcal/kg;  10) 
outflow  speed,  m/sec*;  11)  methyl  alcohol;  12) 
ethyl  alcohol;  13)  propyl  alcohol;  l4)  butyl  al¬ 
cohol;  15)  hexyl  alcohol;  16)  cyclohexane. 


in  fuel  mixtures  than  hydrocarbons.  The  combustion-product  exit  speed 
for  a  fuel  based  on  methyl  alcohol  is  2380  m/sec,  and  that  for  a  fuel 
based  on  ethyl  alcohol  is  2410  m/sec,  i.e.,  values  lower  than  that  for 
a  fuel  based  on  oxygen  and  cyclohexane,  for  which  we  have  2660  m/sec. 

At  the  same  time,  the  combustion  temperatures  of  ethyl  and  propyl  al¬ 
cohols  are  lower  than  those  of  the  hydrocarbons;  this  is  the  great  ad¬ 
vantage  of  alcohol-based  fuels. 

As  regards  their  melting  points,  alcohols  from  methyl  to  hexyl 
(melting  point  -51.6°)  satisfy  rocket-fuel  requirements.  It  is  inter¬ 
esting  to  direct  our  attention  to  the  fact  that  the  specific  heating 
values  of  the  lower  alcohols  are  much  lower  than  those  of  the  hydrocar¬ 
bons:  by  almost  50/  for  methyl  alcohol  and  30/  for  ethyl  alcohol.  At 
the  same  time,  the  heating  yield  drops  by  only  9-18/  in  fuel  mixtures 
of  alcohols  with  oxygen.  As  a  result,  the  combustion-product  outflow 
speed  and  specific  thrust  for  fuels  based  on  the  lower  alcohols  are 
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only  9-10$  lower  than  those  for  fuels  based  on  hydrocarbons. 

In  addition  to  the  lower  combustion  temperatures  as  compared  with 
hydrocarbons,  alcohols  have  still  other  advantages  related  to  their 
physical  properties  (Table  136).  One  of  these  properties  of,  for  exam¬ 
ple,  the  lower  alcohols,  is  their  excellent  solubility  in  water,  which 
makes  it  possible  to  use  them  in  aqueous  solutions.  This  results  in  a 
drop  in  the  combustion  temperature  of  the  fuel  in  the  engine.  Aqueous 
solutions  of  alcohols  also  possess  good  coolant  properties. 

Analysis  of  the  data  in  Table  136  indicates  that  the  lower  alco¬ 
hols  have  higher  heat  capacities  than  do  petroleum  products.  Alcohols 
may  be  injected  into  the  fuel  mixture  in  large  quantities,  and  this 
makes  possible  superior  cooling  of  the  engine-chamber  walls  as  they 
are  washed  by  the  combustible.  Moreover,  the  lower  alcohols  have  latent 
heats  of  evaporation  that  are  3  to  4  times  higher  than  those  of  petro¬ 
leum  products.  This  also  promotes  better  cooling  of  the  inner  chamber 
liners  of  the  engine  on  evaporation  of  the  alcohol,  particularly  when 
it  is  mixed  with  water. 


TABLE  136 

Physicochemical  Properties  of  Certain  Alcohols, 
Water  and  Kerosene 


1  ncuiccroo 

2  PflCTDOpHMOCTb 
»  B<w,  % 

3 

T.  Kim.,  *C 

1  . 
Tcn/inrMKOcrt, 
(npn  20—25'), 
kko.i /Ki-tpad 

5  Cl( pJJTJlH 

TCflJIOTA 

ncn.ipciiH*, 

kkqa/kc 

6 

DnjKocn, 
npn  20’,  ccm 

cm, on 

J  HcorpaimiciiiiaH 

0/i  ,6 

0,000 

203 

0,54.8 

GHjOH 

» 

73,3 

0,58 

214,5 

1,70 

C3M7OH 

» 

97 ,8 

0,59 

159,4 

2,195 

QIlpOH 

5,G 

117,7 

0,5 

148,0 

— 

QH„0H 

2 

137,9 

0,5 

120,19 

4,5 

8  Boas 

— 

100 

1,00 

530 

1,0 

9  KcpOCHH 

— 

150-300 

0,45 

51 

3,0 

1)  Substance;  2)  solubility  in  water,  %;  3)  boiling 
point,  °C;  4)  heat  capacity  (at  20-25°),  kcal/kg- 
•deg;  5)  latent  heat  of  evaporation,  kcal/kg;  6) 
viscosity  at  20°,  centistokes;  7)  unlimited;  8) 
water;  9)  kerosene. 
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TABLE  137 

Characterization  of  Fuels  Based  on  Liquid 
Oxygen  and  Ethyl  Alcohol 


1  XipAKTcpNCTHKA  ‘ 

^  CfK’ao  TonAiiM,  % 

Tcnjton  po- 

y«MkMO» 

XapiKTcpn- 

ropiouro 

^cniipr 

TCVH.llOCTk, 

SOinilHC* 
6  *,Ki 

CTHH4  OXAI1K' 

r-, COOflCTi  * 

8  OiMpr 

100% 

67,60 

32,4 

2020 

870 

1,0 

95% 

66,4 

33,6 

1980 

797 

90% 

65,11 

34,89 

1935 

805 

2,2 

85% 

1  63,9 

36,1 

1S80 

814 

80% 

62,53 

37,47 

1820 

823 

2,4 

75% 

.  61,0 

39,0 

1770 

834 

70% 

59,4 

40,60 

1705 

845 

2,8 

60% 

55,6 

44,4 

1560 

870 

9  KcpOCHH 

75,80 

24,20 

2280 

1.0 

^Relative  heat  required  to  heat  combustible 
to  boiling  point  with  total  evaporation. 

1)  Combustible:  2)  composition  of  fuel,  %; 

3)  oxygen;  4)  alcohol;  5)  heating  yield, 
liters/kg  [sic];  6)  specific  gas  production, 
llters/kg;  7)  characteristic  of  coolant  prop¬ 
erties*;  8)  alcohol;  9)  kerosene. 


A  characterization  of  fuels  based  on  oxygen  and  ethyl  alcohol  at 
various  concentrations  appears  in  Table  137. 

Cyanogen  and  other  unsaturated  compounds  containing  triple  bonds 
and  having  negative  heats  of  formation  are  under  consideration  as  pos¬ 
sible  combustible  components  for  rocket  fuels. 

This  group  includes  acetonitrile,  dicyanogen,  and  acetylene  di- 
nHrile.  Their  combustion  in  oxygen  proceeds  in  accordance  with  the 
following  reaction: 

N  =  C— C  =  N  +  20j-*  2C02  +  N2. 

The  characteristics  of  these  fuels  are  listed  in  Table  138. 

The  combustion  of  cyanogen  derivatives  is  attended  by  high  tem¬ 
perature.  Thus,  the  temperature  reaches  464o°K  in  the  case  of  dicyano¬ 
gen  and  5300  K  in  the  case  of  acetylene  dinitrile. 

A  considerably  higher  specific  impulse  can  be  obtained  with  cy- 
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TABLE  138 

Characteristics  of  Fuel  Mixtures 
Based  on  Nitriles 


1  Tonjimo 

2  Tciixora 
0tfp.110n.niM* 
ropmscro. 

KKOt/ntJ* 

3Tcruionpou**  1 

iofliirc/ik- 

HOCTb. 

kkoa/*$ 

yjieakRuA 
NMnyaM 
(P/P.-  SO),  ccn. 

CH,CN  -F  0| 

— 10,0 

2200 

303 

NsC— Cri-C— CsN+  0, 

-130,0 

2440. 

310 

UiiK.iorcKcaii  -f  0» 

-!•  *7,0 

2970 

300 

1)  Fuel;  2)  heat  of  formation  of  com¬ 
bustible,  kcal/mole;  3)  heating  value, 
kcal/kg;  4)  specific  impulse  (p/pQ  = 

=  50),  sec;  5)  cyclohexane  +  0^. 

anogen  derivatives  than  with  kerosene. 

Apart  from  oxygen  and  oxidizers  based  on  it,  the  use  of  fluorine 
aid  its  compounds  as  oxidizers  is  conceivable  [9].  Fluorination  of  or¬ 
ganic  compounds  is  accompanied  by  liberation  of  a  large  quantity  of 
heat  [10],  e.g. ,  for  heptane: 

C,H„+  16F;-v<:rF1#-j-  I6HF  + 1660  kcal, 

C7H14  -f  22F; --  70F4  f  161  IF  -|-  2211  kcal. 

In  the  case  of  complete  combustion,  the  heat  effect  of  the  reac¬ 
tion  per  kg  of  fuel  mixture  comes  to  2650  kcal/kg. 

The  final  products  of  combustion  of  hydrocarbons  in  fluorine  are 
hydrogen  fluoride  and  carbon  tetrafluoride. 

Fluorine  possesses  exceptionally  high  chemical  activity  and  can 
cause  ignition  with  a  number  of  organic  materials  in  the  liquid  state 
[11].  Fluorine  is  highly  toxic,  causing  inflammation  of  the  respiratory 
tract.  An  isolating  gas  mask  is  required  for  protection  from  it,  since 
the  ac  L ivated  carbon  of  a  filtering  gas  mask  oxidizes  readily  after  ab- 
soiption  of  a  sutficient  quantity  of  fluorine. 

The  use  of  fluorine  as  a  rocket  oxidizer  is  possible  only  when  it 
is  in  its  liquid  form,  i.e.,  at  its  boiling  point  of  -I870.  However, 


% 
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such  use  of  fluorine  would  require  development  of  methods  for  trapping 
and  condensing  fluorine  vapor  and  protecting  the  servicing  personnel 
from  its  effects. 

Copper,  nickel  and  even  steel  are  used  as  structural  materials 
for  the  storage  of  fluorine.  Thus,  for  example,  fluorine  was  stored  in 
Germany  in  steel  bottles  under  a  pressure  of  30  atm  [11]. 

In  recent  years,  fluorine  has  been  under  intensive  study  as  an 
oxidizer  for  rocket  engineering,  and  these  studies  have  been  going  on 
for  more  than  10  years  in  the  USA. 

Thus,  it  was  reported  in  1958  [12-14]  that  the  firm  Bell  m  the 
USA  was  experimenting  with  fluorine  in  combination  with  hydrazine  and 
dimethyl  hydrazine  in  a  rocket  engine  developing  a  thrust  of  16  tons. 

In  1959,  plans  for  static  engines  to  burn  fluorine  and  develop 
thrusts  of  5.5  and  36  tons  were  under  consideration.  The  projected  re¬ 
search  program  required  1000  tons  of  liquid  fluorine  per  year. 

One  of  the  major  problems  in  using  fluorine  in  rocket  engines  was 
the  transportation  and  storage  of  liquid  fluorine.  This  problem  is  now 
regarded  as  solved.  Thus,  fluorine  is  stored  and  transported  in  special 
2.3-  and  25-ton  tanks  with  a  daily  loss  no  greater  than  0.75$  of  the 
load,  and  can  be  stored  from  15  to  25  days.  The  basic  problem  here  is 
preventing  escape  of  fluorine  into  the  atmosphere,  since  in  view  of 
its  high  toxicity,  the  maximum  admissible  fluorine  concentration  in 
the  air  may  not  exceed  0.0001$. 

The  combustion  products  of  fluorine-containing  fuels  are  also 
toxic,  but  the  use  of  these  fuels  in  the  second  and  subsequent  stages 
of  the  rocket  will  not  represent  difficulty  from  the  viewpoint  of  tox¬ 
icity.  However,  setting  up  static  tests  of  engines  operating  on  flu¬ 
orine  oxidants,  taking  contamination  of  the  atmosphere  into  account, 
is  an  extremely  complex  problem. 


The  theoretical  characteristics  of  fuels  based  on  fluorine  and 
its  compounds  (according  to  North  American)  for  a  pressure  drop  p/p  = 
=  28  are  listed  in  Table  139,  while  Table  140  shows  a  series  of  spe¬ 
cific-impulse  values  for  fluorine  oxidants  with  various  combustibles. 

According  to  M.I.  Shevelyuk  [7],  the  theoretical  characteristics 

of  fuels  based  on  fluorine  have  the  following  values  for  p/p  =  40: 

Specific  Combustion 
impulse,  tempera- 


sec  ture,  °C 

Fluorine-hydrazine .  345  4217 

Fluorine -ammonia . 340  4252 

Fluorine -ammonia  (50$),  hydrazine 

(50$) .  342  4122 

Fluorine  oxide-kerosene .  320  4257 

Fluorine  oxide -die  thy  lamine .  330  4137 

Chlorine  trifluoride-hydrazine .  285  3587 

Oxygen-kerosene .  282  3337 


According  to  the  same  author,  the  heating  value  of  a  fluorine- 
kerosene  fuel  is  2680  kcal/kg,  and  that  of  the  oxygen-kerosene  fuel  is 
2200  kcal/kg. 

The  specific  Impulse  of  fuels  based  on  fluorine  is  considerably 
higher  than  those  of  oxygen-based  fuels,  and  the  combustion  tempera¬ 
ture  is  also  higher  -  by  almost  1000°. 

We  compare  the  specific-impulse  values  for  fuels  based  on  flu¬ 
orine  and  oxygen  according  to  other  sources  [8]: 


Specific 

pressure 

impulse  with 
drop  p/pQ,  sec 

28  atm 

35  atm 

40  atm 

Fluorine-kerosene . 

275 

275 

295 

Oxygen-kerosene . 

267 

265 

282 

Fluorine -hydra  z 1 n  e . 

280 

320 

345 

Oxygen-hydrazine . . 

267 

280 

298 

Apparently  of  interest  is  the  use  of  combustibles  such  as  boron, 


beryllium  and  lithium  in  fluorine -based  fuels,  as  will  be  evident  from 
consideration  of  the  following  fuel  mixtures: 

Heating  Specific 
yield,  impulse 
kcal/kg  (p/p0  =  5o). 


sec 

Fluorine -pentaborane  (B^) .  3700  400 

Fluorine -decaborane  (B1QHl4) .  3740  395 

Fluorine -boron .  3940  330 

Fluorine -silicon . . .  3570  284 

Fluorine-lithium .  3300  405 

Fluorine-hydrazine .  2450  355 


Boranes  and  alkyl-substituted  boranes  in  combination  with  fluorine 
are  definitely  of  Interest. 

Apart  from  fluorine,  a  certain  amount  of  interest  attaches  t"  a 
series  of  oxidizers  based  on  it  (Tables  139  and  l4o). 

In  the  USA,  chlorine  trifluoride  is  regarded  as  a  potential  oxi¬ 
dant  for  rocket  fuels  that  would  be  comparable  to  nitric  acid.  Let  us 
consider  the  characteristics  of  a  number  of  fuels  based  on  C1F-  and 
HNO^.  3 


1  OKiic.nirc.ib 

2  I'opwicc 

3  n.iorimcn. 

Toiuiun.1, 

.'/cm' 

4  y^o.ii.iiwr, 
tf  Mfjy/ii.c 
</»/;»•  42>. 

ClFj 

1  l:N'j(Cl lj): 

COiJ. 

2«;n 

Clr  j 

Z'  ■  I- 

ll:N:(OII,);  ■!•  Ml  (CjlUMi,), 

i/,3 

2.r)| 

Cl  1*3 

5  Kcpocim  in»  l 

Ml 

1,30 

IIN'0.1,  N,Oi 

»  RP-1 

J.1.1 

2\r. 

1)  Oxidizer;  2)  combustible;  3)  fuel  density  s/cm3- 
4)  specific  impulse  (p/p  42),  sec;  5)  kerisfne  ' 


RP-1. 


As  compared  with  liquid-oxygen-based  fuels,  fluorine-based  fuel 
has  a  considerably  greater  density  and  a  somewhat  larger  specific 
thrust;  this  should  ensure  long  flight  ranges  for  rockets. 

Fluorine  oxide  is  also  distinguished  by  this  same  advantage  over 
liquid  oxygen. 
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TABLE  139 

Characteristics  of  a  Number  of  Liq¬ 
uid-Rocket  Fuels  Based  on  Fluorine 
and  its  Compounds 


1  Toimimo 

2  flrconof  , 
ornoiiicmic 
okikahtcai*: 
ropioHcc 

3  4 

Itaoniocri. 
npn  27* 

yfl.VlMMJfl 
uuny.nuc 
npu  28  am, 

CCK. 

3 

TcMiicpa* 
ryp.i  rope- 
Mil,.  *  C 

6  0mop 

7  «...  ,  .  .  ,  , 

2,9 

1.19 

275 

3080 

8  Ammiiok  . 

1,16 

300 

4020 

9  nijipuMH . 

•> 

1.3 

280 

4280 

10  Boaopoa . 

9,4 

0,46 

330 

4480 

a 

11  l lui/imopud  KucAuimda 

12  11.  Oktdii . 

|  3.8 

1,22 

— 

4060 

13  riiapaami . 

!  M 

1,23 

257 

3520 

14 

Tpuilmiopud  xAopa 

15  Ammiuk . 

i  3 

1,26 

238 

2750 

lo  niapaaim . 

2,5 

1,16 

247 

3875 

17  lU'nmtiijimoi>inJ  opOMC I 

18  Ammiuk . 

1  r.  • 

1  1.8  i 

245 

1  3030 

1)  Fuel;  2)  oxidizer: combustible 
weight  ratio;  3)  density  at  27°;  4] 
specific  impulse  at  28  atm,  sec;  5) 
combustion  temperature,  °C;  6)  flu¬ 
orine;  7)  JP-4;  8)  ammonia;  9)  hydra¬ 
zine;  10)  hydrogen;  11)  oxygen  diflu¬ 
oride;  12)  normal  octane;  13)  hydra¬ 
zine;  14)  chlorine  trifluoride;  15) 
ammonia;  16)  hydrazine;  17)  bromine 
pentafluoride;  18)  ammonia. 


Chlorine  trifluoride  has  no  advantages  as  an  oxidizer  for  long- 
range  rockets  with  conventional  combustibles. 

Figure  190  shows  the  variation  of  specific  thrust  as  a  function 
of  the  weight  fraction  of  fluorine  in  the  fuel  for  a  hydrazine-fluorine 
fuel. 

Fluorine  has  advantages  as  an  oxidizer  for  a  number  of  metals  and 
nonmetals  such  as  magnesium,  silicon  and  boron.  With  the  last  two,  it 
forms  gaseous  combustion  products  (SiF^  and  BF^)  [11-13]. 

Apart  from  the  energy  indicators  of  the  fuels,  the  combustion 
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TABLE  140 

Specific  Impulse  of  a  Series  of  Fuels 
Based  on  Fluorine  and  its  Compounds 


1  Ton/iMBO 

2 

Uccoioc 

oriioiucinie 

,  OkHC/IR- 

TMb :  ro« 
piOM«e 

3 

VAcnuma 
MMliyjIbC 
(p/p**-4  2), 

CCK. 

4  <Urop  —  kcpocmi . 

2S2 

5  Orop  —  riupajtm  ...  . 

2,08 

318 

6  ♦TOp  —  OOAOpOA . • . 

7  rp««J»TopnA  Mnp.l  —  lICCItUUCTpMHNUU 

4,40 

■381 

AHNCnUinUpAIHII . 

2,55 

274 

8  ricfKjlTOpiU  X.lopa  —  niAp.'131'U . 

1.1 

274 

9  TpfkpTopuA  xsopa  —  niApaaiiH  .  .  . 

2,1 

208 

10  rkirrai|iropiiA  Cpoma  —  nupajnw  .... 

2,19 

225 

11  TpMcJlTOpMA  330T3  —  DUpUMII . 

1 2  ilHiJtropiU  KIK'.lupoAJ  —  UCCMMMCTpim- 

2,04 

27C 

HUM  AHMCTMjrNApaSIIU  ’ . 

1.8 

317 

13  KHCAOpOa  —  Kcpocmi . 

2.4 

272 

1)  Fuel;  2)  oxidant: combustible 
weight  proportions;  3)  specific  im¬ 
pulse  {p/p0  =42),  sec;  4)  fluorine- 

kerosene;  5)  fluorine -hydrazine;  6) 
fluorine-hydrogen;  7)  chlorine  tri- 
fluoride-unsymmetric  dimethylhydra- 
zine;  8|  chlorine  per fluoride -hydra¬ 
zine;  9)  chlorine  trifluoride-hydra¬ 
zine;  10)  bromine  pentafluoride- 
hydrazine;  11]  nitrogen  trifluoride - 
hydrazine;  12)  oxygen  difluoride - 
unsymmetric  dime thy Ihydrazine;  13 ) 
oxygen-kerosene. 


races  of  fuels  based  on  oxygen  and  fluorine  in  the  liquid-fuel  rocket 
engine  are  of  great  significance. 

Development  of  lightweight  combustion  chambers  for  high-powered 
rocket  engines  involves  solution  of  the  problem  of  attaining  high  heat- 
evolution  rates  in  the  combustion  zone.  Until  recently,  it  was  be¬ 
lieved  that  physical  processes  (evaporation  of  drops,  mixing,  etc.) 
represented  limiting  factors. 

Recently,  serious  attention  has  been  attracted  to  the  question  as 
to  whether  the  rate  of  chemical  reaction  in  a  gaseous  medium  cannot, 
under  certain  circumstances,  become  the  factor  determining  the  rate  of 
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Pig.  190.  Variation  of  theoretical 
specific  thrust  (specific  impulse) 
of  hydrazine -fluorine  fuel  as  a  func¬ 
tion  of  weight  fraction  of  fluorine 
in  fuel  with  p/pQ  =21.  1)  Specific 

thrust,  kg- sec/kg;  2)  weight  frac¬ 
tion  of  fluorine  in  fuel. 

the  process  [15].  In  this  connection,  the  rate  of  rocket-fuel  heat  evo¬ 
lution  was  computed  for  various  conditions  from  the  rate  of  the  chem¬ 
ical  reaction,  proceeding  from  the  equation  of  N.N.  Semenov,  in  which 
tho  normal  combustion  rate  is  linked  to  the  rate  of  the  reaction: 


u  -  sc  V  f 

Ir  • 


where  pQ  is  the  density  of  the  fuel  mixture,  LQ  is  the  heat  of  combus¬ 
tion  ( cal/g  ),  Xf  is  the  thermal  conductivity,  Q  is  the  heating  value 
(cal/mole),  is  the  adiabatic  combustion  temperature,  w  Is  the  rate 
of  the  chemical  reaction  in  the  temperature  range  from  TQ  to  Tf,  and 
Ux>  is  the  rate  of  laminar  combustion. 

This  equation  is  modified: 


where  Xf  is  the  thermal  conductivity,  Cp  is  the  heat  capacity,  £  is  the 
pressure,  AHy  is  the  heat  of  combustion  per  unit  volume  (kcal/cm3),  q 


-  519  - 


TABLE  14 1 

Volume  Rates  of  Heat  Evolution  for  Various 
Rocket  Fuels 


1  Toiuixio 

2 

Au/icunc, 

am 

‘ 

B 

A/iitaCaTii- 
•icCKas 
rcMficpary- 
pa  ropcmiN, 

•C 

4 

diicprim 
IKTlIOa* 
i(iin  • 

kqa/ho.  it 

Man  CKO* 

pocrb  ro* 
PCIIKD, 
CMfctK 

6 

MjKCHK.1Jll.lia, 
CKOpoCTk  TCItJIO- 
•  Hflc/ICMII*. 

kmaJm'-ioc 

C.N..  +  0, . 

1 

3056 

40  000 

400 

4-10» 

C»Hn  +0* . 

IS 

3422 

40000 

CSS 

2,4  •  10!S 

NH,  +  0, . 

i 

2782 

40500 

110 

1,3*10“ 

NHi  *f  Oi . 

15 

3011 

40  500 

110 

2,7*  1013 

H,  +  0: . . 

1 

3018 

18000 

1010 

4,1*  10” 

Mj  +  Oi . 

15 

3384 

18  000 

3417 

MO'5 

Hi t  Ft  . 

1 

3062 

5  000 

10000 

C,4*  10*4 

H,+  F, . 

15 

4546 

5  000 

33  800 

1,4.10'* 

H.+  F, . 

1 

3062 

10000 

— 

6,810“ 

1)  Fuel;  2)  pressure,  atm;  3)  adiabatic  com¬ 
bustion  temperature,  °C;  4)  activation  energy, 
cal/mole;  5)  normal  rate  of  combustion, 
cm/sec;  6)  maximum  rate  of  heat  evolution, 

kcal/m^- hr . 


TABLE  142 


Comparison  of  Theoretical  Rates  of 
Heat  Evolution  with  Experimental 
Rates  in  Rocket  Engine 


1  Toimiido 

2 

HIIC, 

am 

06i.rMii.ii?  CKopocTi.  oiJArnc* 
Mini  Tcnvia,  kkcia! m* •  mqc 

iKcnrpiiMCii* 

,  Ta/iMi.in  d 

4  *'Vl  I 

pOC'ICTII.IN 

5 

6  n.  TcnTaii  —  wiiAKiiii  0;  ,  , 

18.4 

6,31 .10* 

3,50-10“ 

7  JKiiskiuI  Hj  —  jKiiawiii  O:  . 

10,0 

3,47.10' 

1,78-10" 

8  raaooOpasHUi'i  Hi— /KiuKiiii  O2 

20.4 

7,47.10' 

1,78-iO18 

9  raaooGpa.niufi  Hi— jkiukiih  O; 

25 1 2 

| 

7,50.10* 

I 

6,23-10" 

l)  Fuel;  2)  pressure,  atm;  3)  volume 

rate  of  heat  evolution,  kcal/m^-hr; 
4)  experimental,  in  liquid-fuel 
rocket  engine;  5)  theoretical;  6) 
normal  heptane-liquid  Ogf  7)  liquid 

Hg-liquld  02;  8)  gaseous  Hg-liquid 

02;  9)  gaseous  H2-liquid  Og. 
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is  the  average  volume  rate  of  heat  evolution  (cal/cm3-sec-atm),  and  R 
is  a  factor  equal  to  2.4213- 10'2  cal/cm3-atm. 

By  transforming  this  last  equation,  we  obtain  the  following  ex¬ 
pression  for  calculating  rate  of  heat  evolution: 


F  JL  Ti~Tt 

/(«  +  !)  ’  rt,  ' 


where  n  is  the  order  of  the  reaction  and  E  is  the  activation  energy 

The  data  shown  in  Table  141  were  calculated  according  to  this 
equation. 


The  calculations  were  carried  out  for  stoichiometric  composition 
of  the  mixture  and  two  pressures,  1  and  15  atm. 

The  rate  of  heat  evolution  is  highest  for  hydrogen  with  fluorine. 

Table  142  lists  volume  heat-evolution  rates  observed  in  rocket 
engines,  and,  for  comparison,  the  theoretical  values. 

The  rate  of  heat  evolution  was  determined  in  experimental  engines 
from  the  rate  of  fuel  infeed  and  the  completeness  of  its  combustion. 

It  is  evident  from  the  experimental  and  theoretical  data  listed 
that  only  a  minor  fraction  of  the  possible  volume  rate  of  heat  evolu¬ 
tion  is  realized  in  contemporary  rocket  engines. 

The  theoretical  volume  rate  of  heat  evolution  in  liquid-fuel 
rocket  engines  may  be  increased  by  several  orders  and  the  size  of  the 
combustion  chamber  reduced  accordingly. 
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[Footnote ] 


501  Dimethylhydrazine  was  used  with  oxygen  in  the  first-stage 

engine  of  the  rocket  used  to  launch  an  artificial  Earth  sat¬ 
ellite  in  the  USA  on  31  January  1958  [4], 
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[List  of  Transliterated  Symbols] 


503  h  =  n  =  nizshiy  =  lower-limit 
507  ya  =  ud  =  udel'nyy  =  specific 


Chapter  8 

MONOPROPELLANTS  FOR  LIQUID  REACTION  ENGINES 
Propellants  for  liquid  reaction  engines  are  classified  on  the  ba¬ 
sis  of  the  method  of  propellant  accomodation  and  supply  as:  a)  bi- 
propellants,  consisting  of  an  oxidizer  and  a  combustible  supplied  sep¬ 
arately  to  the  combustion  chamber  (from  two  tanks),  and  b)  monopropel¬ 
lants,  which  include  oxidizer  and  combustible  elements,  and  which  are 
supplied  from  a  single  tank. 

Despite  the  advantage  offered  by  monopropellants  in  comparison 
with  bipropellants,  they  have  not  as  yet  received  widespread  applica¬ 
tion  as  power  sources  for  rocket  motors.  The  reason  for  this  is  that 
the  presently  known  monopropellants  having  heating  yields  of  from  1000- 
1500  kcal/kg  and  specific  impulses  of  200-245  sec,  are  liable  to  ex¬ 
plode  under  the  conditions  governing  their  use  in  rocket  motors. 

On  the  other  hand,  the  low-energy-yield  explosion-proof  monopro¬ 
pellants  presently  employed  are  used  solely  in  turbopump  units  of 
ZhRD,  where  the  energy  characteristics  are  not  the  chief  consideration. 

A  monopropellant  offers  the  following  advantages  in  comparison 
with  bipropellants. 

1.  A  motor  installation  for  a  monopropellant  is  simplified,  since 
one  propellant  tank  and  half  of  the  piping  may  be  eliminated. 

2.  In  a  monopropellant  motor  installation,  there  is  no  need  for  a 
special  device  to  maintain  the  propellant-component  ratio  constant; 
this  permits  a  decrease  in  the  emergency  reserves  of  propellant. 

3.  There  is  a  substantial  simplification  in  the  motor-head  struc- 
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ture  in  connection  with  the  fact  that  a  monopropellant  does  not  require 
good  component  mixing  upon  injection  into  the  combustion  chamber.  In 
many  cases,  unstable  combustion  of  bipropellants  in  a  rocket  motor  is 
related  to  unsatisfactory  mixing  of  the  combustible  and  oxidizer,  which 
is  eliminated  in  monopropellant  motors. 

4.  It  is  possible  to  use  the  full  flow  of  a  monopropellant  for 
regenerative  motor  cooling;  this  simplifies  the  cooling  problem,  anu 
permits  a  considerable  decrease  in  fuel  losses  due  to  internal  cooling 
of  the  combustion  chamber  and  nozzle. 

5.  Rockets  using  monopropellants  will  be  more  reliable,  owing  to 
the  decrease  in  the  number  of  propellant  components  and  the  simplifica¬ 
tion  of  the  motor  installation. 

Calculations  indicate  that  for  medium-range  rockets,  a  monopro¬ 
pellant  having  a  specific  impulse  of  225  sec  is  equivalent  to  a  bipro¬ 
pellant  having  a  specific  impulse  of  250  sec,  a  fact  explained  by  the 
simplicity  of  the  monopropellant  motor  arrangement. 

Monopropellants  may  take  the  form  of  individual  compounds  such  as 
nitromethane,  methylnitrate,  as  well  as  solutions  of  nltro  and  chlorine 
derivatives  of  hydrocarbons  in  nitric  acid.  These  systems  may  have 
heating  yields  of  750-1500  kcal/kg.  All  of  these  substances  have  ex¬ 
plosive  properties,  present  in  various  degrees. 

For  this  reason,  monopropellants  may  be  dangerous  to  handle,  and 
they  are  not  as  widely  employed  as  are  separately  supplied  propellants. 

Systems  that  liberate  large  quantities  of  heat  and  gases  upon 
combustion  in  a  ZhRD  chamber  may  be  considered  as  monopropellants.  They 
include  the  following  propellants. 

1.  Propellants  based  upon  solutions  of  organic  substances  in  nit¬ 
ric  acid  and  oxides  of  nitrogen.  The  organic  substances  in  solution 
should  be  stable  with  respect  to  nitric  acid. 


2.  Propellants  based  upon  nitro  compounds  (nitrome thane)  and  nltro 
ethers  (ethylnitrate,  propylnltrate ) . 

3.  Propellants  based  upon  solutions  of  organic  substances  in  tet- 
ranitrome thane. 

4.  Propellants  based  upon  hydrogen  peroxide  and  solutions  of  or¬ 
ganic  substances  in  hydrogen  peroxide. 

5.  Propellants  based  upon  many  other  compounds  that  can  break 
down  with  the  evolution  of  heat. 

Only  those  monopropellants  may  be  utilized  in  practice  that  are 
sufficiently  safe  to  handle  and  use.  It  is  an  extremely  complicated 
matter  to  select  such  propellants. 

Under  certain  conditions,  monopropellants  behave  as  fuels,  and 
under  other  conditions  as  explosives;  in  this  connection,  it  is  firsu 
desirable  to  examine  the  explosive  properties  of  these  systems,  and 
then  to  turn  to  individual  types  of  monopropellants. 

_!•_  Characteristics  of  Monopropellant  Explosive  Properties 
'  a)  Conditions  for  appearance  of  explosive  reaction 

By  explosive  properties,  we  mean  conditions  for  the  appearance  of 
an  explosive  reaction:  sensitivity  to  heating,  shock,  friction,  the 
mechanical  effect  of  explosion. 

Depending  upon  the  reaction  rate,  systems  containing  combustible 
and  oxidizer  elements  (powders,  explosives,  monopropellants)  are 
divided  into  two  basic  reaction  types:  a)  normal  combustion,  b)  explo¬ 
sion  and  detonation  [1,  2]. 

At  atmospheric  pressure,  the  combustion  process  in  liquid  and 
solid  monopropellants  takes  place  at  a  rate  measured  in  the  millimeters 
or  (at  a  pressure  of  40-75  atm)  centimeters  per  second.  An  increase  in 
the  mass  of  the  burning  material  may  occur  as  a  result  of  an  increase 
in  the  combustion  surface,  by  a  change  in  the  grain  size  of  a  powder, 


and  through  an  increase  in  the  degree  of  dispersion  of  a  liquid  fuel. 

An  explosion  is  characterized  by  the  fact  that  the  explosive  chem¬ 
ical  reaction  propagates  at  a  rate  of  the  order  of  hundreds  and  thou¬ 
sands  of  meters  per  second.  An  explosive  reaction  rate  is  characterized 
as  a  nonsteady-state  quantity,  varying  in  many  cases  as  a  function  of 
the  conditions  under  which  the  explosion  has  been  initiated. 

Detonation  is  characterized  as  a  steady-state  propagation  rate  for 
the  explosive  reaction  over  the  mass  of  the  substance  -  of  the  order 
of  3000-8000  m/sec.  The  maximum  speed  of  a  detonation  is  a  constant 
characteristic  of  each  explosive.  Decomposition  in  the  form  of  detona¬ 
tion  and  explosion  can  evidently  occur  under  appropriate  conditions 
for  any  system  capable  of  supporting  an  exothermic  reaction. 


TABLE  143 

Explosive  Properties  and  Heating  Value  of  Certain 
Systems  [1,  2] 
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l)  Compound;  2)  formula;  3)  heating  value,  keal/kg; 

4)  ability  to  burn  in  tube;  5)  ability  to  be  de¬ 
tonated  by  standard  detonator;  6)  detonation  by 
10-g  grain  of  explosive;  7)  nitromethane;  8)  tro¬ 
tyl;  9)  ammonium  nitrate;  10)  mixture  of  ammonium 
nitrate  with  ammonium  sulfate;  11)  tetranitro- 
methane;  12)  lead  azide;  13)  burns;  14)  does  not 
burn;  15)  does  not  explode;  16)  explodes. 

A  necessary  condition  for  the  explosive  reaction  of  a  system  is  a 
positive  heat  yield  from  the  reaction  at  an  adequate  rate,  accompanied 


by  the  formation  of  gaseous  products.  Since  the  system  goes  from  the 
solid  or  liquid  state  to  the  gaseous  state  almost  instantaneously, 
while  the  gaseous  products  occupy  a  volume  roughly  1000  times  greater 
than  that  taken  up  by  the  initial  substance,  and  is  at  high  tempera- 
ture,  an  instantaneous  pressure  Jump  is  set  up  at  the  point  of  explo¬ 
sion,  amounting  to  tens  and  even  hundreds  of  thousands  of  atmospheres. 

A  well-known  characteristic  of  liability  to  explosive  decomposi¬ 
tion  is  the  heating  value  of  the  explosive  system.  Thus,  tetranitro- 
methane,  whose  heat  of  decomposition  is  positive  and  roughly  500  kcal/kg, 
is  a  safe  material  in  practice,  under  normal  conditions.  Selfpropaga¬ 
tion  of  an  explosive  reaction  is  hindered  by  a  low  heat  yield. 

In  the  general  case,  however,  the  heating  value  is  not  a  criterion 
of  explosiveness.  Thus,  the  detonator  lead  azide  PbNg  explodes  very 
easily,  although  its  heating  yield  is  367  kcal/kg. 

In  this  connection,  it  is  interesting  to  examine  certain  systems: 
their  ability  to  participate  in  an  exothermal  reaction,  and  their  lia¬ 
bility  to  detonation  (Table  143). 

An  explosive  reaction  is  a  chemical  reaction  whose  initiation  is 
opposed  by  a  certain  energy  barrier.  The  magnitude  of  the  energy  bar¬ 
rier  is  determined  by  the  activation  energy. 

The  liability  of  a  system  to  explosive  reaction  is  determined  by 
a  complex  of  phenomena:  the  activation  energy,  the  heat  yield  of  the 

reaction,  and  the  physical  conditions  under  which  the  substance  is 
found. 

Lead  azide  has  a  low  activation  energy  for  initiation  of  an  explo¬ 
sion.  Thus,  it  may  easily  be  detonated,  even  by  kindling. 

Liquid  explosives  based  upon  nitric  acid  have  a  large  heating 
jield.  Owing  to  their  high  activation  energy,  however,  they  are  rela¬ 
tively  insensitive  to  explosion. 


The  heat  of  decomposition  of  the  oxidizers  in  explosive  mixtures 
plays  a  substantial  role.  Where  the  heat  of  decomposition  of  the  ox¬ 
idizer  is  positive,  explosive  mixtures  are  very  explosion-sensitive. 

Physical  factors  have  a  considerable  effect  upon  the  possibility 
of  explosion  propagation. 

For  many  substances,  steady-state  propagation  of  a  detonation  is 
possible  only  in  the  case  in  which  the  charge  diameter  is  relatively 
large.  Thus,  for  trinitrotoluene,  the  charge  diameter  should  exceed 
several  millimeters. 

For  low-sensitivity  liquid  explosives,  detonation  will  not  propa¬ 
gate  in  sufficiently  thin  tubes.  As  Yu.B.  Khariton  [3]  has  shown,  this 
is  connected  with  the  fact  that  upon  passage  of  the  blast  wave  through 
the  mass  of  the  substance,  there  is  in  addition  to  the  chemical  reac¬ 
tion  a  dispersion  of  the  initial  substance  along  the  ^ront  of  the  blast 
wave,  i.e.,  in  the  region  where  the  explosive  is  converted  to  explo¬ 
sion  products.  The  explosive  reaction  is  retarded  by  the  dispersion  of 
the  initial  material. 

The  dispersion  time  is  roughly  proportional  to  the  charge  diameter. 
If  the  time  required  to  complete  the  explosive  reaction  is  less  than 
the  dispersion  time,  the  detonation  will  propagate  through  the  charge 
of  substance. 

Any  factor  increasing  the  dispersion  time  such  as,  for  example, 
an  increase  in  charge  diameter,  or  the  placing  of  the  charge  into  a 
massive  jacket,  should  improve  detonation  propagation;  this  is  actu¬ 
ally  observed  to  be  the  case. 

It  is  very  important  in  practice  to  allow  for  the  possibility  of 
detonation  propagation.  Thus,  for  example,  in  order  to  avoid  the  prop¬ 
agation  of  a  detonation  of  a  monopropellant  from  the  motor  to  the  tanks, 
the  piping  must  be  chosen  with  a  diameter  for  which  propagation  of  a 


detonation  is  impossible.  Here  it  is  necessary  to  allow  for  the  possi¬ 
bility  of  detonation  propagation  through  the  air. 

Certain  systems,  capable  of  participating  in  an  exothermal  reac¬ 
tion,  will  not  explode  in  open  charges,  but  do  become  liable  to  detona¬ 
tion  in  a  strong  jacket. 

Although  in  theory,  any  system  capable  of  reacting  exothermally 
and  for  which  the  thermal  and  mechanical  effect  of  the  explosion  prod¬ 
ucts  accelerate  the  chemical  reaction  is  liable  to  explosive  reaction; 
there  may  exist  systems,  however,  for  which  the  creation  of  charges 
with  a  diameter  providing  a  stable  detonation  is  impractical,  since 
this  diameter  would  be  too  large. 

On  the  other  hand,  many  substances  and  mixtures  which  are  not  ex¬ 
plosive  in  practice  under  normal  conditions  may  explode  if  the  charge 

dimensions  are  sufficiently  large,  and  if  the  explosion  is  correctly 
initiated. 

Yu.B.  Khariton  [3]  assumes  the  following  mechanism  for  detonation 
propagation. 

1)  At  first,  the  substance  is  compressed  as  a  result  of  a  shock 
wave.  The  compression  causes  heating,  followed  by  a  chemical  reaction. 
Phis  is  the  way  in  which  a  detonation  propagates  in  gases. 

2)  The  explosive-reaction  process  may  occur  as  a  result  of  com¬ 
bustion  of  separate  particles  of  the  substance  -  their  ignition.  The 
majority  of  solid  explosive  substances  are  quite  brittle,  and  it 

is  thus  highly  probable  that  in  the  detonation  process,  the  material 
will  break  down  into  fine  particles.  In  accordance  with  this  mechanism, 
-Liquid  explosives  disperse  into  fine  drops.  The  more  the  substance 
breaks  down,  the  greater  the  reaction  rate,  since  the  rate  of  particle 
combustion  is  roughly  proportional  to  size.  Assuming  that  at  very  high 
pr  ssures,  the  combustion  rate  in  the  explosion  wavefront  will 
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be  very  high,  a  high  explosion  reaction  rate  will  be  created. 

3)  The  reaction  along  the  blast-wave  front  may  be  associated  with 
the  reaction  of  two  or  several  substances  occurring  in  the  form  of 
particles  of  some  degree  of  dispersion,  or  in  the  form  of  a  mixture  of 
solid  particles  and  liquid.  In  this  case,  the  explosive  mixture  is 
heterogeneous,  and  the  reaction  will  not  take  place  throughout  the  en¬ 
tire  volume  of  the  substance  lying  along  the  detonation-wave  front, 
but  only  at  the  interface  between  components,  or  in  regions  where  the 
components  have  already  formed  a  molecular  mixture. 

For  large  particle  dimensions,  an  explosive  reaction  may  in  gen¬ 
eral  turn  out  to  be  impossible,  since  the  required  mixing  will  not  oc¬ 
cur. 

b)  Determination  of  susceptibility  to  heating,  shock,  and  friction 

Susceptibility  to  heating  is  characterized  by  the  flash  point, 
i.e.,  the  lowest  temperature  to  which  the  substance  must  be  heated  in 
order  for  it  to  ignite.  Various  methods  may  be  used  to  determine  the 
flash  point  [1,  2,  4]. 

The  substance  is  placed  into  a  test  tube  previously  heated  to  a 
specific  temperature.  The  determination  is  made  of  the  lowest  tempera¬ 
ture  at  which  instantaneous  ignition  occurs.  If  a  flash  does  not  occur, 
the  temperature  is  raised,  and  the  experiment  repeated  with  a  new  por¬ 
tion  of  substance.  If  a  flash  does  occur,  the  temperature  is  somewhat 
decreased,  and  the  experiment  repeated,  thus,  the  minimum  flash  point 
is  found  to  within  5°.  The  "instantaneous"  flash  is  an  arbitrary  con¬ 
cept,  and  characterizes  a  flash  occurring  with  no  visually  apparent  ig¬ 
nition  lag. 

In  order  to  determine  the  flash  point  of  a  liquid  monopropellant, 
the  substance  is  placed  into  a  capillary  tube  open  at  both  ends,  hav¬ 
ing  a  diameter  of  1-2  mm;  the  capillary  tube  is  emptied  into  the  heated 
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test  tube.  A  tap  on  the  bottom  of  the  test  tube  causes  the  substance 
to  flow  out  from  the  capillary  to  the  heated  bottom  of  the  test  tube; 
Ignition  results.  In  flash-point  determination,  safety  precautions 
must  be  taken:  a  panel  of  thick  glass  or  transparent  plastic  should  be 
placed  before  the  bath,  and  the  eyes  of  the  experimenter  should  be  pro- 

tec ted  by  goggles. 

The  flash  point  depends  upon  the  conditions  under  which  the  de¬ 
termination  is  made,  and  with  existing  methods,  it  may  be  considered 
to  be  an  approximate  quantity  characterizing  the  sensitivity  of  a  pro¬ 
pellant  to  thermal  effects. 

Shock  susceptibility  characterizes  the  danger  of  monopropellant 
explosion  in  handling. 

It  is  determined  on  a  standard  ram  impact  machine  (Fig.  191)  which 
consists  of  two  parallel  rails  between  which  a  steel  weight  slides 
freely;  various  weights  may  be  used  in  accordance  with  the  standard 
(2.5  or  10  kg),  depending  upon  the  shock  sensitivity  of  the  substance 
being  investigated.  Under  the  load,  there  is  a  steel  plate  on  a  strong 
base.  The  device  in  which  the  shock  sensitivity  is  determined  (Fig. 

132)  is  Installed  on  the  plate.  For  liquid-explosive  tests,  the  device 
consists  of  a  deep-bottom  female  die  and  a  steel  hammer.  A  weighed  por¬ 
tion  of  the  substance,  normally  about  0.03  g  is  placed  into  the 

For  testing  solid  explosives,  a  standard  device  of  another  design 

is  used. 

The  solid  materials  are  located  on  an  anvil,  in  powder  form,  llq- 
ulds  may  be  tested  in  drop  form.  When  the  weight  strikes  the  hammer  of 
the  device,  depending  upon  the  force  of  the  stroke,  an  explosion  does 
or  does  not  occur.  The  minimum  height  for  which  explosions  occur  100^ 
of  the  time,  and  the  maximum  height  for  which  misfires  occur  10C$  of 
the  time  are  taken  to  characterize  the  sensitivity  of  the  material 
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Fig.  191.  Ram  impact  machine  for 
investigating  shock  sensitivity 
of  explosives,  l)  Weight;  2) 
guide  rails. 

shock;  the  height  for  which  explosions  occur  50$  of  the  time  and  mis¬ 
fires  50$  of  the  time  for  a  given  weight  is  also  taken  as  a  character¬ 
istic.  A  graph  is  plotted  in  order  to  determine  the  shock  sensitivity. 
On  the  axis  of  ordinates  is  plotted  the  height  of  the  weight  or  the 
work  of  the  falling  load  (kgfm),  and  on  the  axis  of  abscissas  -  the 
percent  of  explosions.  No  less  than  six  determinations  are  made  for 
each  point. 

The  shock  sensitivity  is  not  an  accurate  physical  characteristic, 
but  is  chiefly  of  value  in  comparisons.  In  this  connection,  when  new 
substances  are  tested  for  shock  sensitivity  on  a  ram-impact  machin  , 
the  results  obtained  are  compared  with  the  shock  sensitivity  of  we  11- 
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Pig.  192.  Device  for  determin¬ 
ing  shock  sensitivity  of  mono¬ 
propellants  and  liquid  explo¬ 
sives.  1)  Piston;  2)  well;  3) 
explosive. 

known  explosives.  Trinitrotoluene,  tetryl,  and  nitroglycerine  are  taken 
as  standards. 

Liquid  monopropellants,  which  may  be  considered  relatively  safe 
when  examined  under  laboratory  conditions,  are  less  shock-sensitive 
than  trinitrotoluene  in  transport  and  storage. 

Explosives  may  be  classified  according  to  shock  susceptibility. 

Table  144  gives  the  sensitivity  characteristics  for  explosives 
and  monopropellants  by  class. 

Friction  sensitivity,  as  in  the  case  of  shock  sensitivity,  charac¬ 
terizes  the  explosion  hazard  of  a  monopropellant. 

In  the  simplest  case,  the  friction  sensitivity  is  determined  in  a 
porcelain  mortar.  A  better  method  is  to  determine  the  friction  sensi¬ 
tivity  with  a  special  friction  device. 
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TABLE  144 


Sensitivity  Characteristics  of  Solid  Explosives 
Compared  with  Monopropellant  [1,  4] 
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1)  Sensitivity  class  of  explosive;  2)  general  char¬ 
acteristics;  3)  height  through  which  2-kg  weight 
must  fall  to  produce  explosion,  cm;  4)  examples  of 
explosives;  5)  examples  of  liquid  monopropellants; 
6)  very  dangerous  to  handle;  7)  mercury  fulminate; 
8)  80-90$  hydrogen  peroxide  +  alcohol;  9)  nitro¬ 
glycerin;  10)  tetranitromethane  +  benzene;  11)  com¬ 
paratively  safe  to  handle;  12)  pyroxylin;  13)  safe 
to  handle,  store,  and  transport;  14)  trinitro- 
phenol ;  15)  nitric  acid  +  dichloroethane;  16)  tet- 
ryl;  16a)  nitrome thane ;  17)  trotyl;  18)  safe;  nor¬ 
mal  properties  of  explosives  not  manifested;  de¬ 
tonates  only  under  certain  conditions;  19)  dinit¬ 
robenzene;  20)  low-heat ing-value  liquid  monopro¬ 
pellants. 


c)  Determining  the  liability  of  monopropellants  to  explosive  decompo¬ 
sition  upon  rapid  compression 

Bubbles  of  air  or  gas  can  always  form  in  a  liquid  monopropellant. 
Upon  sharp  compression  of  the  fluid,  owing  to  the  increased  pressure 
or  hydraulic  shock  in  flowing  through  piping,  these  bubbles  will  in  turn 
be  compressed;  a  rapid  compression  of  a  gas  is  always  accompanied  by  a 
temperature  rise,  which  may  cause  the  propellant  to  ignite  spontane¬ 
ously.  Thus,  the  presence  of  gas  bubbles  in  contact  with  a  monopropel¬ 
lant  in  fuel  lines  or  in  a  tank  may,  in  conjunction  with  a  sharp  pres¬ 
sure  rise  due  to  mechanical  shocks  or  valve  operation,  be  responsible 
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for  explosive  decomposition  of  a  monopropellant.  In  this  connection, 
it  is  necessary  to  allow  for  monopropellant  sensitivity  to  a  sharp 
rise  in  pressure.  To  do  this,  an  installation  has  been  developed  to 
evaluate  the  sensitivity  of  monopropellants  to  a  sharp  pressure  rise. 
This  installation  Includes  a  device  which  permits  nearly  instantaneous 
application  of  high  pressure  to  a  specimen  of  monopropellant  in  con¬ 
tact  with  a  gas  bubble.  The  installation  is  provided  with  apparatus 
for  measuring  the  required  parameters. 

The  propellant  specimen  containing  the  gas  bubble  is  placed  in  a 
test  chamber  bounded  on  one  side  by  a  piston  that  sets  up  the  pressure, 
and  on  the  other  side  by  a  burst  diaphragm.  The  chamber  is  held  at  a 
given  low  or  elevated  temperature  in  a  thermostat.  The  burst  dia¬ 
phragm,  which  is  2.54  mm  thick,  deforms  during  the  experiment  or  rup¬ 
tures  In  the  presence  of  a  detonation.  The  magnitude  of  the  diaphragm's 
deformation  is  used  to  determine  the  pressure  developed  in  the  chamber. 

The  chamber  has  a  volume  of  1.3  ml;  propellant  specimens  having 
volumes  ranging  from  0.2  to  1.1  ml  may  be  located  in  the  chamber,  they 
may  be  placed  in  contact  with  gas  bubbles  of  from  0.2  to  0.9  ml. 

It  Is  assumed  that  a  monopropellant  decomposes  upon  rapid  compres¬ 
sion  as  a  result  of  local  heating  due  to  the  nearly  adiabatic  compres¬ 
sion  of  the  gas  bubble;  as  a  consequence,  the  gas  is  heated  to  a 
high  temperature.  It  is  very  probable  that  the  high  temperature  is 
also  responsible  for  decomposition  of  the  propellant.  When  the  tempera¬ 
ture  becomes  sufficiently  high,  the  propellant  begins  to  break  down 
and  to  liberate  a  considerable  amount  of  heat,  which  facilitates  rapid 
propagation  of  the  reaction  over  the  entire  volume. 

As  experiments  have  shown,  the  sensitivity  of  a  monopropellant 
when  compressed  in  the  presence  of  propellant  vapors  Is  far  less  than 
in  the  presence  of  air  bubbles.  This  may  be  explained  by  the  fact  that 

-  536  - 


propellant  vapors,  on  the  one  hand,  may  condense  rapidly  when  com¬ 
pressed,  while  on  the  other  hand,  the  oxygen  of  the  air  leads  to  the 
initiation  of  an  oxidation  reaction  in  the  propellant  at  elevated  tem¬ 
peratures. 

If  we  neglect  heat  losses  over  small  time  intervals,  the  tempera¬ 
ture  of  an  ideal  gas  upon  adiabatic  compression  may  be  determined  as 
follows: 


A-l 


from  which  it  follows  that  the  maximum  temperature  developing  upon  com¬ 
pression  of  a  bubble  is  determined,  for  equal  values  of  k  and  T,  by 
the  size  of  the  bubble. 

The  work  of  adiabatic  compression  (the  energy  applied  to  the  pis¬ 
ton)  is  connected  with  the  temperature  upon  gas  compression  as  follows: 

W  1=  )  kgfm.  . 

* 

The  installation  mentioned  above  has  been  used  to  determine  the 
sensitivity  of  four  monopropellants.  Bubble  volume  during  the  tests 
amounted  to  0.2,  0.^1,  0.6,  and  0.8  ml.  The  tests  determined  the  minimum 
energy  that  had  to  be  supplied  to  the  compression  process  in  order  to 
cause  breakdown  of  the  fuel. 

Tests  were  made  on  n-propylnitrate,  nitromethane,  a  mixture  con¬ 
sisting  of  60 %  ethyl  nitrate  and  propylnitrate,  methylacetylene, 
hydrogen  peroxide,  hydrazine,  dimethylhydrazine,  and  ethylene  oxide. 

The  measure  of  sensitivity  was  taken  to  be  the  minimum  compression  en¬ 
ergy  per  unit  volume  of  air  bubble  needed  for  explosive  decomposition 
of  the  propellant.  The  results  obtained  are  given  below. 
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Propellant 

Ethyl  nitrate  -  60$ . 

Propyl  nitrate  -  40$ . 

Propyl  nitrate . 

Nltrome thane . 

Methylacetylene . 

Hydrogen  peroxide . 

Hydrazine . 

Unsymmetric  dimethylhydrazine 
Ethylene  oxide . 


Sensitivity, 
kgf • cm/ml 

|  4.0  +  0.8 

6.7  +  1.2 
10.4  +  1.7 
86.0  +  12 
144 
144 
144 
144 


Hydrogen  peroxide,  hydrazine,  dimethylhydrazine,  and  ethylene  ox¬ 
ide  did  not  decompose  under  the  worst  experimental  conditions  over  the 
-20°  to  +20°  temperature  range  with  115  kgf- cm/ml  of  energy  supplied, 
and  an  air -bubble  volume  of  0.8  ml. 

d)  Determining  the  susceptibility  of  monopropellants  to  explosive 
reaction 

A  monopropellant  should  provide  for  safe  operation  of  the  motor: 
it  is  thus  necessary  to  have  a  propellant  that  is  not  liable  to  explo¬ 
sion  or  detonation  under  operating  conditions. 

Certain  methods  are  known  for  determining  the  liability  of  explo¬ 
sive  systems  to  detonation  and  the  characteristics  of  the  explosive 
power;  they  may  be  used  to  evaluate  a  monopropellant.  As  a  rule,  the 
so-called  brisance  test  is  employed;  brisance  characterizes  the  power 

and  shattering  effect  of  an  explosion. 

In  the  standard  test,  50  g  of  the  explosive  or  monopropellant  is 
placed  in  a  beaker  40  mm  in  diameter,  which  contains  a  standard  No.  8 
detonator  cartridge  [1,  2].  For  powdered  materials,  a  paper  container 
is  used  and  for  liquids  (i.e.,  monopropellants),  a  glass  beaker  with  a 
top  which  has  a  channel  for  the  detonator  cartridge.  The  beaker  with 
the  material  is  placed  on  a  steel  plate  41.5  mm  in  diameter  and  10  mm 
thick,  which  lies  upon  a  lead  column  40  mm  in  diameter  and  60  mm  high. 
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Pig.  193*  Device  for  studying 
brisance  of  sample  and  liabil¬ 
ity  to  explosion.  1)  Beaker 
with  explosive;  2)  detonator; 

3)  steel  plate;  4)  lead  col¬ 
umns;  5)  steel  plate. 

The  column  is  installed  on  a  massive  steel  plate  (Pig.  193). 

Upon  detonation  of  the  charge  with  the  aid  of  the  detonator  car¬ 
tridge  from  a  Bickford  fuse  or  electrical  fuse,  the  substance  explodes, 
and  the  lead  column  is  compressed,  normally  by  8-25  mm.  If  the  sub¬ 
stance  under  investigation  was  not  exploded  by  the  cartridge,  the  re¬ 
sulting  compression  is  due  solely  to  the  explosion  of  the  cartridge, 
and  will  not  exceed  1-2  mm. 

The  compression  of  the  lead  column  is  used  to  indicate  the  occur¬ 
rence  of  an  explosion  and  as  a  measure  of  its  power.  The  experiment  is 
repeated  several  times.  If  no  explosion  occurs,  the  experiment  is  re¬ 
peated  at  least  four  times  in  order  to  make  sure  that  the  substance  is 
not  subject  to  detonation. 

Explosive  systems  that  are  not  susceptible  to  detonation  from  a 
No.  8  cartridge  may  be  considered  to  be  quite  free  of  explosion  hazard 
in  handling,  storage,  and  transportation.  Explosive  compounds  and  liq- 
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uid  mixtures  having  heating  values  greater  than  1200  kcal/kg  most  fre¬ 
quently  produce  a  very  large  compression  and  deformation  of  the  column, 
which  complicates  the  measurement.  Substances  that  do  not  explode  un¬ 
der  these  test  conditions  as  a  result  of  the  action  of  the  detonator- 
cartridge  are  safe  under  storage  and  transportation  conditions,  although 
this  does  not  represent  a  complete  characterization  of  such  materials. 

Although  trinitrotoluene  is  detonated  by  the  detonator  cartridge, 
it  is  safe  to  handle,  and  a  stoichiometric  mixture  of  hydrogen  perox¬ 
ide  and  ethyl  alcohol,  which  can  be  detonated  by  the  cartridge,  is  very 
sensitive  to  shock  and  friction,  and  explodes  easily  from  random  jolts. 

A  monopropellant  that  is  not  exploded  by  the  detonator  cartridge 
is  tested  under  the  conditions  mentioned  by  means  of  a  No.  8  cartridge 
with  an  additional  detonator  in  the  form  of  a  10-g  grain  of  tetryl, 
which  provides  a  powerful  explosive  impulse.  A  separate  experiment  is 
used  to  determine  the  compression  created  by  the  tetryl  grain  with  the 
detonator  cartridge,  in  which  the  beaker  is  filled  with  an  inert  sub¬ 
stance  above  which  the  detonator  with  the  tetryl  grain  is  exploded. 

The  compression  obtained  is  subtracted  from  the  compression  found  upon 
explosion  of  the  substance  under  investigation. 

Monopropellants  that  do  not  detonate  when  the  10-g  tetryl  grain 
is  used  are  quite  safe  under  ordinary  conditions  of  use,  i.e.,  they 
are  insensitive  to  shock,  friction,  and  small-arms  fire. 

A  more  severe  test  for  liability  to  detonation  is  the  explosion 
oi  a  monopropellant  in  a  steel  tube  30-40  mm  in  diameter,  using  a  10-g 
tetryl  grain,  since  the  strong  jacket  is  favorable  to  the  propagation 
of  detonation  [5].  The  nature  of  damage  to  the  tube  is  an  indication 
of  susceptibility  to  explosion  and  detonation. 

The  results  obtained  depend  to  a  considerable  measure  upon  the 
experimental  conditions.  Thus,  given  a  strong  tube  and  a  powerful 
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priming  charge,  the  propagation  of  an  explosion  will  be  more  probable 
than  in  a  thin-walled  tube. 


Fig.  194.  Testing  an  explosive 
for  fugacity  (lead  bomb  prior 
to  explosion). 


Fig.  195.  Lead  bomb  after  ex¬ 
plosion  in  fugacity  test. 

Some  substances  produce  a  small  compression  (3-6  mm)  upon  testing 
for  brisance  with  an  additional  tetryl  grain,  but  a  detonation  does 
not  propagate  in  tubes.  In  this  case,  explosion  of  the  layer  of  sub¬ 
stance  adjacent  to  the  detonator  is  not  strong  enough  to  cause  explo¬ 
sive  decomposition  of  the  succeeding  layers  of  the  substance,  i.e., 
the  explosive  reaction  is  not  selfpropagating. 

In  many  cases,  the  liability  of  a  substance  to  explosive  decompo¬ 
sition  is  characterized  by  the  results  of  a  test  in  a  lead  bomb  [3]. 
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The  substance,  weighing  10  g,  is  introduced  into  a  channel  in  the  lead 
bomb.  A  sand  plug  is  placed  above  the  material,  or  it  is  compressed  by 
a  steel  plunger  with  an  opening.  The  substance  is  exploded  by  means  of 
a  detonator  cartridge  under  these  closed-space  conditions  (Figs.  194, 
195)*  The  expansion  of  the  lead  channel  serves  to  Indicate  that  there 
has  been  an  explosion,  and  as  a  measure  of  its  power.  This  test  is 
called  a  fugacity  test,  and  is  characterized  by  the  expansion  of  the 
interior  channel  of  the  lead  bomb,  expressed  in  cubic  centimeters. 
e)  Rate  of  combustion 

The  rate  of  combustion  is  an  important  characteristic  of  a  solid 
monopropellant  (powder)  where  it  is  necessary  to  know  the  rate  of  com¬ 
bustion  as  a  function  of  the  pressure  and  temperature  in  order  to  prop¬ 
erly  set  up  the  powder  combustion  process  in  the  motor. 

With  a  liquid  monopropellant,  the  combustion  rate  cannot  be  util¬ 
ized  directly  in  motor  design,  since  the  combustion  process  in  a  ZhRD 


Fig.  196.  Installation  for  investigating  combustion 
rate  of  monopropellants  under  pressure.  1)  Pressure 
gauge ;  2 )  oscillograph;  3)  chamber;  4)  equalizing 
cylinder  with  nitrogen;  5)  pressure  escape;  6)  bomb; 
7)  battery. 
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Fig.  197-  Diagram  of  installation  for  in¬ 
vestigating  combustion  rate  of  liquid 
monopropellants  with  high-speed  photo¬ 
graphic  process.  1)  Housing;  2)  heavy- 
glass  window;  3)  propellant  reservoir  in 
the  form  of  coupled  vessels;  4)  tube  for 
ignition;  5)  high-speed  camera;  6)  ther¬ 
mocouple. 

is  extremely  complex.  In  this  case,  however,  it  is  also  desirable  to 
have  an  idea  of  the  rate  and  stability  of  combustion.  Many  investiga¬ 
tions  into  the  combustion  rates  of  liquid  monopropellants  have  been 
published. 

The  installation  used  to  study  the  combustion  rate  of  rocket  mono¬ 
propellants  consisting  of  nitric  acid  and  nitroparaffins  under  pressure 
is  shown  in  Fig.  196  [5]. 

A  glass  tube  is  located  in  the  bomb  6;  it  is  filled  with  liquid 
propellant.  The  required  pressure  in  the  bomb  is  set  up  with  the  aid  of 
the  compressed-nitrogen  cylinder  4;  the  pressure  is  maintained  at  the 
predetermined  level  with  the  aid  of  a  tank  receiver.  The  pressure  is 
recorded  by  the  pressure  gauge  1.  Battery  7  is  used  for  hot-wire  igni¬ 
tion  of  the  fuel  by  igniting  the  cordite  powder  which  sets  off  the 
basic  substance.  The  combustion  rate  is  recorded  with  the  aid  of  low- 
melting  wires  which  are  spaced  50  mm  apart  in  the  glass  tube  contain¬ 
ing  the  substance;  the  tube  is  180  mm  long  and  5  mm  in  diameter.  A  cur- 
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rent  of  300  ma  Is  passed  through  the  wires.  Interruption  of  an  elec¬ 
trical  circuit  is  recorded  by  a  sensitive  galvanometer  connected  to  a 
multichannel  oscillograph,  which  makes  it  possible  to  determine  the 
motion  of  the  flame  front.  The  photographic  paper  carries  time  pips. 

At  the  same  time,  electronic  timers  show  the  time  at  which  the  first 
and  succeeding  wires  were  broken.  The  bomb  also  has  a  narrow  slot  cov¬ 
ered  with  thick  glass  through  which  it  is  possible  to  photograph  the 
entire  combustion  process. 

A  diagram  of  a  similar  installation  is  given  in  Pig.  197  [6],  and 
the  results  of  the  experiments  in  Section  2  of  this  chapter. 

—  appellants  Based  upon  Mltrlc-Acld  Solutions 

Nitric  acid  is  a  very  reactive  substance,  and  thus  there  are  only 
a  few  compounds  that  will  dissolve  in  nitric  acid  without  chemical  re¬ 
action.  These  compounds  Include  nltro  derivatives  and  certain  chlorine 
derivatives.  Alcohols,  aldehydes,  ketones,  and  ethers  will  dissolve  in 

nitric  acid,  but  only  to  the  accompaniment  of  vigorous  nitration  and 
oxidation. 


Solutions  of  organic  compounds  in  nitric  acid  have  found  employ¬ 
ment  as  liquid  explosives,  and  under  certain  conditions  and  for  spe¬ 
cific  compositions  may  also  be  considered  as  ZhRD  propellants. 

Table  145  shows  recipes  for  well-known  liquid  explosives. 

Solutions  of  nitre  derivatives  in  nitric  acid  and  oxides  of  nitro 
gen  are  characterized  by  high  heating  values  of  the  order  of  1400-1500 
keal/kg  and  a  significant  sensitivity  to  shock.  Mixtures  based  upon 
oxides  of  nitrogen  are  especially  sensitive  to  shock;  they  are  so  dan¬ 


gerous  that  they  are  prepared  directly  before  use. 

Mixtures  consisting  of  nitric  acid  and  aromatic  nitro  derivatives 

^  "0t  33  dangerous  t0  handle  as  mixtures  based  upon  oxides  of  nitro¬ 
gen.  In  standard  reaction  engines,  however,  they  cannot  be  used  since 
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TABLE  145 

Liquid  Explosives  Based  upon  Nitric  Acid  and  Oxides 
of  Nitrogen  [1-4,  7,  8] 

Ihjjdohhc  2  KounoiiciiTM 


7  ....  CsHjXo. 

HN'Oj 

8  Hm/iht  ......  CiHiNOj 

(CH,),C,H,NO, 

UNO, 

9  Okcoiiiit .  (NOjijCtMjOH  | 

MN’Oj 

10  TmmocIhit .  QHi(N'0}), 

UNO," 

11  Pacniop  HHTPOMC-  CH,\'Oj 

tana  d  aaoTiioii  UNO," 

Kiicaorc  .... 

12  namuiacTHT  ...  13  Sen  a:  i  ii 

NjO, 

ColIiNO: 

NS0« 

CS: 

NA 

1)  Name;  2)  components;  3)  content,  4)  heating 
value,  keal/kg;  5]  detonation  rate,  m/sec;  6)  field 
of  application;  7)  gel'gofit;  8)  gellit;  9)  oxo- 
nite,  10)  tel'gofit;  11)  solution  of  nitromethane 
in  nitric  acid;  12)  panclastite;  13)  gasoline;  14) 
aerial  bombs. 


combustion  may  turn  into  detonation. 

Table  146  shows  the  shock  sensitivity  of  liquid  explosive  mix¬ 
tures  in  comparison  with  standard  explosives. 

The  lowest  shock  sensitivity  is  possessed  by  a  solution  of  di- 
chloroe thane  in  nitric  acid.  This  liquid  explosive  mixture  can  be  con¬ 
sidered  safe  in  handling  and  transport.  A  stoichiometric  mixture  of 
dichloroe thane  with  nitric  acid  is  not  susceptible  to  explosion  from  a 
standard  detonator  cartridge.  An  added  detonator,  however,  will  pro¬ 
duce  an  explosion.  This  mixture  burns  calmly  when  ignited  in  open  con¬ 
tainers  holding  several  liters.  This  is  still  no  guarantee  that  explo¬ 
sion  cannot  occur  when  the  mixture  is  used  in  reaction  engines  under 
all  operating  conditions. 
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TABLE  146 


Sensitivity  to  Shock  for  Certain  Liquid  Explosives 
of  Monopropellants  [1,  4] 


1  lUlMKHC 

2  KoMD^kciru 

Coi  P 
AIHHC. 

3* 

1  Tea  a. 

1  KflMMIKa. 

14  *c 

5  npoueitr  Bipuno*.  nojiyicn- 
Mufl  npn  nJACHHH 
|  rpyw.  10  «  c  oucoru  100  f» 

6  HllJOIOpjraH  +  I30THM 
KIICrtOTJ  .  .  .  .  .  . 

C2H4CU 

H  VA. 

CO 

350 

7  TpmiiiTpoTwyoji . 

8  nilKpilllOUM  KIICJTOT1  .  . 

9  iMkrO^HT . 

10  Okcohiit . 

C.H,(NO»),CH, 

C.Hi(N04)a0H 

O.M.;NOj 

UNO, 

r.njwn  \  nu 

'lU 

28 

72 

oOU 

390 

17 

50 

90 

11  Hiix.nopjTin  +  ajoTHin 
KucnoTa  ...  . 

HNQj 

CsHiCl) 

n  vn 

58 

to 

50 

50 

— 

95 

25(nucoTa  naaeiiiin  145o<) 

13  H»ITpOMCTail . 

*  IiNUj 
ru  VA 

2G0* 

300 

14  HinrpoMCTaH  +  aaoniati 
JtiicnoTa  .... 

UIjiNUj 

rn.vn 

f.2 

38 

0  (Bbtcora  naaciiiin  50  cm) 

5  (to  >kc) 

5  (to  we) 

UNO, 

1)  Name;  2)  components;  3)  content,  <f>\  4)  flash 
point,  °C;  5)  percent  of  explosions  upon  dropping 
10-kg  weight  from  height  of  100  cm;  6)  dichloro- 
ethane  +  nitric  acid;  7)  TNT;  8)  picric  acid;  Q) 
gel'gofit;  10)  oxonite;  11)  dichloroe thane  +  nit¬ 
ric  acid;  12)  (from  145-cm  height);  13)  nltro- 
methane;  14)  nitromethane  +  nitric  acid;  15)  (from 
height  of  50  cm);  16)  same. 


Liquid  explosive  mixtures  based  upon  solutions  of  aromatic  nitro 
compounds  in  nitric  acid  are  more  shock-sensitive  than  trinitrotoluene. 

When  aromatic  mononltro  compounds,  such  as  nitrobenzene,  are  dis¬ 
solved  in  nitric  acid,  the  benzene  nitrates  to  dinitrobenzene.  This  is 
connected  with  the  considerable  heating  of  the  mixture  which  thus  re¬ 
quires  good  cooling. 

A  liquid  monopropellant  may  be  obtained  by  dissolving  in  nitric 
acid  of  such  solid  polynitro  compounds  as  dinitrobenzene,  picric  acid 
and  trinitrotoluene.  A  drawback  to  such  a  monopropellant  is  the  fact 
that  when  the  nitric  acid  evaporates,  the  remaining  polynitro  compound 
is  sensitive  to  shock  or  friction. 

In  order  to  avoid  corrosion  of  steel  by  nitric  acid,  5-10$  of  sul¬ 
furic  acid  may  be  added  to  the  mixture. 

A  solution  of  ammonium  nitrate  in  ammonia  is  a  noteworthy  example 
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of  a  monopropellant  consisting  of  a  solution  of  an  inorganic  combus¬ 
tible  in  an  inorganic  oxidizer.  This  is  a  very  interesting  system  which 
is  a  liquid  for  a  30-40#  NH^  content,  and  freezes  at  -40°,  while  with 
an  85#  content  of  NH^N03  in  15#  NH^,  it  is  a  solid,  melting  at  +70°. 

The  stoichiometric  composition,  calculated  for  complete  combus¬ 
tion,  is  87.5#  NH^NO^  and  12.5#  NH^.  The  system  containing  75#  ammonium 
nitrate  and  melting  at  0°  corresponds  to  a  specific  impulse  of  175  sec 
with  p/pQ  =  20. 

3.  Propellants  Based  upon  Nltrome thane  and  Nltro  Ethers 

Of  the  nitro  compounds,  only  nitromethane  presents  any  interest 
at  present  as  a  monopropellant. 

Nitromethane  is  a  liquid,  and  has  a  relatively  high  heating  value. 
It  is  relatively  immune  to  shock  or  friction.  Low-molecular-weight 
nitro  ethers  are  very  sensitive  to  shock  and  friction,  and  cannot  be 
used  in  pure  form.  Tables  147  and  148  show  the  properties  of  certain 
liquid  nitro  compounds  and  nitro  ethers. 

TABLE  147 


Properties  of  Certain  Nitro  Compounds 
and  Nitro  Ethers  [4,  9] 


1  CoMiiiiciiiic 

2  'bopMyaa 

j  Tcn/jonpo* 
1  iianoAii- 
TCJIIillOCTb, 
KK(lAl  K£ 

4  'lyncrnnrc/iMiocri. 
k  ya.ipy  (oucor,  »<• 
Acmin  rpyj.i  2  m),(M 

5  JlmiiiTponm- 

KOAb . 

0  HiiTporviimcpifH 

QD.fONOj), 

1581 

20-25 

0,1  MONO,), 

1485 

4-8 

7  McTll/IIIIITpaT  .  . 

ClloONO, 

1490 

40 

0  ariifliiHTpaT  .  . 

CiH^ONO, 

713 

9  HllTpOMCTan  .  . 

1  Hinpo3Tan  .  , 

CHjNO, 

1040 

Ma/IO  MyDCTHHTCJlCH 

Oil.-, NO, 

680 

ripaKTii'iecKH 

IieMyDCTIlHTCACII 

I)  Compound;  2)  formula;  3)  heating 
value,  kcal/kg;  4)  shock  sensitivity 
(2-kg-weight  drop  height),  cm;  5)  di- 
nitroglycol;  6)  nitroglycerin;  7) 
methyl  nitrate;  8)  ethyl  nitrate;  9) 
nitromethane;  10)  not  very  sensitive; 

II)  nitroethane;  12)  practically  in¬ 
sensitive. 
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TABLE  148 

Plash  Point  of  Nitro  Ethers  for 
Various  Induction  Periods  [10] 


1  Deiuccrno 

2  Teuncparypa  icnuuiKH  (•  C)  npu 

ujcpwKe 

S  cck.3 

10**  eex.  3 

4  MCTIlflllllTp.1T . 

1 

2G9 

435 

5  aniflllllTpiT . 

254 

325 

0  riponiiflHiiTpaT . 

247 

331 

7  flllHHTpiT  JVWKOflH  .  .  . 

238 

357 

1)  Substance;  2)  flash  point  (°C) 
for  lag  of;  3)  sec;  4)  methyl  nit¬ 
rate;  5)  ethyl  nitrate;  6)  propyl 
nitrate;  7)  glycol  dinitrate. 

Dinitroglycol  and  nitroglycerin  have  high  heating  values,  but  are 
very  sensitive  to  shock  and  thus  dangerous  to  handle.  Combustion  of 
these  nitroethers  easily  changes  to  detonation. 

Methyl  nitrate  is  considerably  less  shock-sensitive  than  nitro- 
glycol  or  nitroglycerin.  In  this  respect,  they  are  similar  to  hexogen  - 
an  explosive  used  for  munitions.  Methyl  nitrate,  however,  is  more  sen¬ 
sitive  than  nitro  compounds.  Thus,  it  detonates  upon  ignition  from  a 
Bickford  fuse  in  a  closed  space.  Methyl  nitrate  is  an  exceptionally 
powerful  explosive,  detonating  at  a  rate  of  8000  m/sec. 

In  Germany,  a  monopropellant  based  upon  methyl  nitrate  has  been 
tested  [9];  it  consists  of  30$  CH30H  and  70$  CH^ONOg,  with  a  heating 
value  reaching  1000  kcal/kg. 

Nitromethane  presents  considerable  interest  as  a  monopropellant. 
Nitrome thane  is  a  liquid  explosive  with  a  negative  oxygen  balance.  Its 
decomposition  reaction,  accompanied  by  the  evolution  of  1030  kcal/kg, 
may  be  written  as  follows: 

CH,NO,  -CO  +  H:0  +  V* H.  +'V*N,. 

Accurate  thermodynamic  calculations  yield  the  following  equation 
corresponding  to  equilibrium  composition  at  a  combustion  temperature 
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of  2450°K: 


CH,NOj  -  0,2  CO,  +  0.8  CO  +  0.8H.O  +  0,7  H,  +  0,5  N„ 

and  corresponding  to  a  specific  impulse  of  210  sec  at  p/p q  =  25,  with 
heating  value  of  1070  kcal/kg. 

Nitromethane  is  a  low-sensitivity  explosive.  It  is  not  detonated 
by  a  standard  detonator  cartridge,  does  not  explode  in  heavy  steel 
tanks  ejected  from  aircraft,  but  does  detonate  in  thin-walled  steel 
tubes  when  set  off  with  the  aid  of  large  charges  of  tetryl. 

Inadequate  treatment  is  given  in  the  literature  to  the  shock  sen¬ 
sitivity  of  nitromethane  in  comparison  with  other  explosives.  In  flow¬ 
ing  through  tubes,  nitromethane  may  explode  under  a  sudden  application 

p 

of  pressure  of  the  order  of  140  kgf/cm  . 

If  the  tube  is  closed  at  one  end,  an  explosion  may  occur  with  a 

p 

hydraulic  shock  of  60  kgf/cm.  Explosion  may  evidently  be  facilitated 
by  contraction  of  tubes,  nozzles,  and  other  obstacles,  if  the  material 
is  flowing  out  under  high  pressure. 

Nitromethane  is  stable  at  temperatures  of  from  20-50°,  and  may  be 
stored  and  transported  safely  in  200-liter  steel  tanks. 

Explosion  did  not  occur  when  rifle  bullets  were  fired  through  iron 
tanks  with  nitromethane.  However,  when  heavy-caliber  12.5  mm  machine 
gun  bullets  were  fired,  the  nitromethane  was  observed  to  explode.  No 
explosion  resulted  when  tracer  bullets  were  used.  Incendiary  bullets, 
however,  produced  explosions  and  ignition  in  all  cases. 

The  combustion  of  nitromethane  in  air  proceeds  quietly  and  detona¬ 
tion  does  not  occur. 

The  technical  product  contains  95-96$  nitromethane  and  4-5$  nitro- 
ethane,  nitrcpropane,  and  oxidation  products.  Nitromethane  containing 
almost  no  impurities  may  be  obtained  by  purifying  the  technical  prod¬ 
uct.  Table  149  shows  the  properties  of  technical  and  purified  nltro- 
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TABLE  149 

Properties  of  Technical  and  Purified  Nltromethane 


TeNncparypj, 

1  C 

Q  -  — 

^H,NO, 

100%-nuA  CHjNOi 

yjMkitwA  icc  npw  20* 

ft iSKOCTb,  npu  20*,rrni 

- 

yACAbiibin,  ucc  npu  20* 

SMKOCTb  npu  20*. 
ecm 

10 

1,140 

.0,749 

1,149 

0,743 

25 

1,120 

0,025 

1,128 

0,625 

40 

1,100 

0,533 

1,108 

0,533 

1)  Temperature,  °C;  2)  specific  gravity  at  20°; 
3)  viscosity  at  20°,  centistokes. 


methane. 

Nltromethane  is  utilized  in  experimental  reaction  engines  as  a 
monopropellant,  and  in  conjunction  with  oxidizers:  oxygen  and  hydrogen 
peroxide.  It  is  necessary  to  add  combustion  catalysts  to  nltromethane 
where  it  is  used  alone  in  order  to  obtain  complete  combustion. 
catalysts  are  nitromethane-soluble  salts  of  chromium,  cobalt,  copper, 
nickel,  lead,  and  manganese.  Especially  favorable  results  are  given  by 
chromium  acetylacetonate  (^(C^HyOg)^  which  dissolves  in  nltromethane 
to  a  concentration  of  about  2$.  Chromium  acetylacetonate  is  prepared 
by  heating  acetylacetone  with  ammonia  and  chromium  nitrate.  The  shock 
sensitivity  of  nltromethane  is  increased  somewhat  by  chromium  and  co- 
baxt  salts,  and  lowered  by  nickel  and  copper  salts. 

Numerous  experiments  have  been  carried  out  with  technical  96 $ 
nltromethane.  It  has  been  established  that  the  addition  of  4-10$  of 
gasoline,  methanol,  and  other  organic  solvents  decreases,  but  does  not 
eliminate  completely,  the  tendency  of  nltromethane  to  detonation. 

Experiments  with  nltromethane  in  reaction  engines  have  shown  that 
for  combustion  stability  it  is  desirable  to  employ  nltromethane  in  com¬ 
bination  with  oxygen  or  hydrogen  peroxide.  In  this  case,  there  is  no 
need  for  combustion  catalysts.  Reliable  ignition  of  the  propellant  is 
of  especially  great  importance  in  preventing  detonation  of  nltromethane 
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in  a  motor,  since  a  large  ignition  lag  may  lead  to  an  explosion.  In 
order  to  provide  for  complete  combustion  of  nitromethane  in  the  ab¬ 
sence  of  an  oxidizer,  it  is  necessary  to  have  a  motor  pressure  of  the 

p 

order  of  38.5  kgf/cm  .  If  the  nitromethane  is  employed  in  combination 
with  hydrogen  peroxide,  combustion  occurs  at  lower  pressure.  In  this 
case,  the  propellant  may  be  ignited  by  means  of  catalytic  dissociation 
of  the  hydrogen  peroxide  by  permanganate. 

Table  150  gives  the  working  characteristics  of  a  propellant  based 
upon  nitromethane  and  several  oxidizers. 


TABLE  150 

Working  Characteristics  of  Nitromethane -Base 
Propellants  [9,  10] 


1  Toimimdo 


6  IlllTpOMCTau  .  .  . 

7  ]  InTpoMoraii  .  .  .  . 

8  A30T1I.1H  KlIC.IOTa  . 

7  HllTpOMCT.IH  .  .  .  . 

9  90% -Han  ncpcKticb 

nofiojxua  .  '.  . 
7  I  lllTpOMCTaH  .  .  .  . 

10  Kiicaopoa  ...  . 
7  I'lllTpOMCTaH  .  .  .  . 

11  To.iyo.fl . 

7  HllTpOMOTail  .... 

11  To.flyo.fl . 


CoAop/tf.’iHiie 
KOMnniicnroo. 
2  % 

Tciwionpoii.ino- 

.MTCJIkflOCTk, 

V  KKQj/Ki 

CKOpOCTk  MC- 
J^ICIIIIII,  mIcik 

10(1 

1030 

1780 

61,81 

1538 

2170 

38,2) 

82  | 

| 

1500 

2140 

48  J 

71.C\ 

1820 

2370 

2.H.4J 

00  1 

10  J 

.920 

1690 

80  1 

20  } 

820 

1GOO 

1 


yac/u.iiufl 

MMnyjibc, 
Cj  CCK 


182 

222 

218 


242 


173 

103 


l)  Propellant;  2)  component  content,  $;  3) 
heating  value,  kcal/kg;  4)  exhaust  velocity, 
m/sec;  5)  specific  impulse,  sec;  6)  nitro¬ 
methane;  7)  nitromethane;  o)  nitric  acid;  9) 
90$  hydrogen  peroxide;  10)  oxygen;  11)  tol¬ 
uene. 


As  has  been  shown  above,  a  nitric  acid-nitropropane  system  has 
been  studied  as  a  monopropellant.  Nitropropane  is  obtained  by  nitra¬ 
tion  of  propane  with  53-67$  nitric  acid  at  400°.  In  this  process,  in 
addition  to  normal  nitration,  destructive  nitration  occurs  as  a  result 
of  partial  cracking  and  oxidation  of  the  propane.  Thus,  technical  nit¬ 
ropropane  is  a  mixture  of  nitro  compounds,  having  the  composition:  nit- 
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romethane,  9#>  nitroethane,  2 6#,  1-nitropropane,  32#,  and  2-nitropro- 
pane,  43#.  The  isomers  of  nitropropane  are  separated  from  this  mixture 
by  distillation. 

A  mixture  of  80-90#  nitroethane  and  10-20#  nitromethane  is  ob¬ 
tained  upon  nitration  of  ethane.  A  more  complicated  mixture  is  formed 
upon  nitration  of  n-butane  [11]. 

The  physicochemical  properties  of  certain  low-molecular-weight 
nitroparaffins  are  shown  in  Table  151. 


TABLE  151 


Physicochemical  Properties  of  Nitroparaffins 
[12] 


1  CneAiiMciiMC 

2rijH>TllOrTb 

npii 

:o 

I'D 

B 

JT.  PA..  *C 

HinKocri.  npM 
ZO'.caiintnyjm. 

5  ilmpOMCTail . 

1,1 286 

1,3818 

-29 

0,632 

O  iliiTpojTau . 

1,0113 

1,3917 

_ 

0,661 

7  I -I  tiiTponponaii . 

0,00:  Vi 

1.401S 

— 

0,793 

8  2-lliuponponan . 

O.OS21 

1,3944 

-93 

0,750 

9  l-lliiTpoCyTM . 

0  2-lhiTpoCyTaii . 

1  1,1-flMiiiiTponponai:  .  .  .  . 

0,9685 

1,4108 

— 

0,931 

0,91103 

1,4014 

-132 

0,873 

1,2010 

'  1,4339 

-42 

2,535 

2  2,2-Aniii(Tponponan  .  .  . 

1,3000 

— 

53 

— 

3  1,3-flHMiTponponau  .  .  . 

1,3540 

1,4654 

-20 

— 

4  TpilllllTpOMCTail . 

1,6150 

1,4454 

25 

— 

1)  Compound;  2)  density  at  25°;  3)  melting 
point,  °C;  4)  dynamic  viscosity  at  20°,  cen- 
tipoises;  5)  nitromethane;  6)  nitroethane; 

7)  1-nitropropane;  8)  2 -nitropropane;  9)  1- 
nitrobutane;  10)  2-nltrobutane;  11)  1,1-di- 
nitropropane;  12)  2,2-dinitropropane;  13) 
1,3-dinitropropane;  14)  trinitromethane. 


Table  152  shows  the  thermochemical  properties  of  nitroparaffins. 

An  Investigation  of  the  combustion  rate  for  stoichiometric  mix¬ 
tures  of  2-nltropropane  with  98#  nitric  acid  in  a  bomb  (Fig.  198) 
showed  that  combustion  is  supported  at  a  pressure  of  10  atm  [13].  At 
100  atm,  the  combustion  rate  of  the  mixture  in  glass  tubes  7  and  8  mm 
in  diameter  is  independent  of  the  diameter.  In  6-  and  5-mm  diameter 
tubes,  however,  the  combustion  rates  are  15  and  40#  less,  respectively. 
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TABLE  152 

Thermochemical  Properties  of  Nitroparaffins  [12] 


1  Cocxxhchmc 

2 

Termor*  o6pa- 

lonaiiiin  npit 

25*.  kkoa/mm t 

|3  TervioTnnpiian 

r  cnocofiuocTb  • 

5 - 

Cxpurn*  Ten- 
jiot*  iienapo- 
hx«,.  kkoj/kj 

4 

KKCUfMOAb 

7  HllTpOMCTan . 

21.2§ 

175,87 

2881 

9,09 

8  HiiTpoaraii . 

33,48 

325,79 

4340 

9,94 

9  1-HiiTponponaii  .  ■ . 

40,05 

481,33 

5403 

10,37 

10  2-HiiTponponaH . 

43,78 

477,60 

5361 

9,88 

11  I'HuTpoCyTaH . 

46,03 

637,47 

6182 

11,61 

12  2-HitTpoCyTan . 

49,61 

633,89 

6147 

10,48 

13  I.I-AmiiiTponpoRan . 

40,78 

447,65 

3338 

14,93 

14  |,3'Ai<iuiTponponaii . 

53,51 

434,92 

3243 

— 

15  2,2-HmuiTponponan . 

44,87 

443,56 

3008 

— 

l6  TplIllllTpOMCTail . 

18,63 

112,62 

746 

— 

1{  TcTpamiTpoMOTaii . 

— 

— 

543 

— 

18  2,3-ZlHMCTiia-2,3-AHiiiiTpo6yTaii . 

— 

5110 

— 

19  2,2-HiiMCTit.i  l,3-ammTponponan  . .  .  . 

— 

4606 

— 

20  1,1,1-TpmiiiTpomii . 

— 

— 

1777 

— 

21  2-McTt(a-21313-TpiuiHTpoCyTaii . 

— 

— 

3381 

— 

22  2-McTiw-2,3.3-TpmiMTponciiTaH . 

— 

— 

3944 

— 

23  2,213.3-TcTpamiTpo6yTan . 

— 

— 

2460 

— 

*The  heating  value  is  found  by  combustion  in  a 
bomb  calorimeter  in  oxygen. 

1)  Compound;  2)  heat  of  formation  at  25°,  kcal/inole; 
3)  heating  value;  4)  kcal/mole;  5)  kcal/kg;  6)  lat¬ 
ent  heat  of  vaporization,  kcal/kg;  7)  nitromethane; 
8)  nitroethane;  9)  1-nitropropane;  10)  2-nitropro- 
pane;  11)  1-nitrobutane;  12)  2-nitrobutane;  13) 

1. 1- din itr opr opane;  14J  1,3-dinitropropane;  15) 

2.2- dinitropropane;  16)  trinitrome thane;  17)  tet- 
ranltrome thane;  18)  2,3-dimethyl-2,3-dinitrobutane; 
19)  2,2-dimethyl-1.3-dinitropropane;  20)  1,1,1- 
trinitroe thane;  21)  2-methyl-2,3,3-trinitropentane; 
22)  2-methyl-2,3,3-trinitropentane;  23)  2,2, 3,3- 
tetranitrobutane . 


The  combustion  rate  depends  upon  pressure.  In  the  14-70  and  70- 
140  atm  pressure  ranges,  the  slopes  of  the  curves  showing  the  length  of 
the  burning  layer  as  a  function  of  time  differ  considerably.  This 
clearly  indicates  that  there  is  a  different  reaction  mechanism,  depend¬ 
ing  upon  pressure.  Figure  199  shows  the  nature  of  the  flame  in  the 

burning  combustibles  as  a  function  of  pressure  [10]. 

\ 

The  combustion  rate  of  liquid  ethyl  nitrate,  ethyleneglycol  nit¬ 
rate,  and  triethyleneglycol  nitrate  as  a  function  of  pressure  and  tem- 
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Fig.  198.  Effect  of  pressure 
upon  combustion  rate  of  stoi¬ 
chiometric  mixture  of  2-nitro- 
propane  and  nitric  acid.  1| 
Combustion  rate,  cm/sec;  2) 
pressure,  atm. 


Fig.  199.  Nature  of  flame  in 
propellant  of  2-nitropropane 
and  nitric  acid  at  pressures 
of  40  and  80  atm.  I)  Pressure 
of  40  atm;  II )  pressure  of  80 
atm;  a)  thin  blue-white  flame; 
b)  dense  blue -white  flame;  c. 
d)  dense  blue -white  flame;  e) 
solution  of  nitropropane  in 
nitric  acid. 
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perature,  for  various  degrees  of  deuteration  and  purity,  has  been 
studied  with  the  aid  of  high-speed  photography  [6]  in  a  special  cham¬ 
ber  illustrated  in  Pig.  197* 

It  is  curious  that  deuterated  ethyl  nitrate  CgD^ONO^  burns  at  a 
lower  rate  in  all  pressure  ranges  than  does  ordinary  ethyl  nitrate 
C2H^0N02  (Pig.  200).  The  same  situation  holds  for  ordinary  and  deuter¬ 
ated  ethyleneglycol. 

The  effect  of  temperature  and  pressure  on  the  combustion  rate  of 
triethyleneglycol  nitrate  02N0CH2CH20CH2CH20CH2CH20N02  is  shown  in 
Fig.  201. 

The  flame  propagation  rates  of  methyl-  and  ethyl  nitrates  as  vap¬ 
ors  differ  quite  sharply.  Vapors  of  methyl  nitrate  CH^ONOg  are  charac¬ 
terized  by  an  exceptionally  high  flame  propagation  rate  (13^5  cm/sec), 
which  essentially  corresponds  to  rates  occurring  in  an  explosion.  The 
flame  propagation  rate  in  vapors  of  ethyl  nitrate  C2H^0N02  is  only  35 
cm/sec,  which  corresponds  to  the  normal  combustion  rate  of  substances 
in  the  vapor  state  when  mixed  with  oxidizers  [14-16]. 

Figure  202  shows  the  variation  in  combustion  rate  for  vapors  of 
nitro  ethers  as  a  function  of  the  mole  proportion  of  ethyl  nitrate  to 
methyl  nitrate. 

Propyl  nitrate  CH^CHgCHgONOg  is  used  as  a  monopropellant.  In  order 
to  reduce  gum  formation,  it  is  suggested  that  ferrocene  (C5H5)2Fe  be 
added  to  the  propyl  nitrate.  A  detonator  cartridge  will  not  detonate 
propyl  nitrate  in  steel  tubes  6.3*  12. 7»  3-nd  31*7  111111  ifi  diameter.  The 
autoignition  temperature  for  n-propyl  nitrate  with  air  is  177° • 

The  combustion  of  propyl  nitrate  occurs  with  the  formation  of  a 
large  amount  of  gaseous  products: 

Q,H,0N02-7>  3CO  +  3V2H2  +  l/2N2. 

It  is  employed  as  a  power  source  to  run  turbopumps. 
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Pig.  200.  Combustion  rate  of  ethyl 
nitrate  and  deuterated  ethyl  nitrate 
as  a  function  of  pressure.  1)  Ethyl 
nitrate;  2)  deuterated  ethyl  nitrate; 
3)  combustion  rate,  mm/sec ;  4)  pres¬ 
sure,  atm. 


Fig.  201.  Combustion  rate  of 
triethyleneglycol  dinitrate  as 
a  function  of  temperature  and 
pressure,  l)  25°;  2)  50°;  3) 
75°J  4)  100°;  5)  combustion 
rate,  mm/sec;  6)  pressure,  atm. 


In  connection  with  the  utilization  of  nitromethane  as  a  rocket 
monopropellant,  its  oxidation- thermal  decomposition  under  pressure  at 
high  temperatures  has  recently  been  studied. 

This  investigation  is  interesting  in  connection  with  the  fact 
that  the  propellant  goes  through  several  stages  in  a  rocket  motor,  one 
of  which  is  accompanied  by  thermal-oxidation  splitting. 

Table  153  gives  data  on  the  thermal-oxidation  decomposition  of 
nitromethane  in  time  at  various  pressures. 

In  the  presence  of  an  oxidizer  -  oxygen  -  more  complete  thermal- 
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Fig.  202.  Rate  of  propagation 
of  flame  in  ethyl  nitrate  vap¬ 
ors  mixed  with  methyl  nitrate 
vapors.  1)  Flame  propagation 
rate,  cm/sec;  2)  mole  content 
of  CH30N02  in  C2H50N02. 


TABLE  153 

Thermooxidation  Decomposition  of  Nitromethane  un¬ 
der  Pressure  at  355°  [15] 

(Number  of  Moles  of  Products  per  Mole  of  Decompos¬ 
ing  Nitromethane  x  100 ) 


lflun/icinic,  am 

I 

1 

IG 

15 

j  21 

IG 

1  if.  • 

1 

OpCMfl,  Mill' . 

s 

1  >3 

■  31 

24  uaca3 

ripoAykTbi: 

CO: . 

8 

19 

2ft 

31 

341 

90 

CO . 

17 

20 

18 

12 

**>J 

Cl  I. . 

(1 

11 

H 

5 

6 

Cue, iu  p 

UCN . 

3Ti 

38 

39 

43 

22 

3,5 

CHiCN . 

j 

1 

1  3 

4 

9 

— 

CH:0 . 

r. 

3 

1 

— 

— 

— 

NO . 

M 

53 

35 

2G 

2 

— 

NsO . 

2  1 

ts  1 

7 

3 

— 

— 

N* . 

2 

0 

10 

35 

— 

H:0 . 

10]  : 

i  i 

90 

i 

100 

! 

100 

1 

111 

. 

““ 

*Nitromethane  with  16  mole-%  of  oxygen. 

1)  Pressure,  atm;  2)  time,  min;  3)  hours;  4)  prod¬ 
ucts;  5)  traces. 
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oxidation  decomposition  of  nitrome thane  occurs. 

Both  extended  reaction  time  and  pressure  facilitate  an  increase 
■'n  the  CO 2  content  of  the  products  of  the  incomplete  reaction. 

Clearly,  hydrogen  cyanide  and  nitric  acid  may  be  considered  to  be 
the  chief  intermediate  reaction  products  from  the  breakdown  of  nitro- 
methane  and  other  nitro  compounds  in  the  preflame  zone  when  they  are 
burned  in  motors. 

Thermal  decomposition  of  nltromethane  takes  place  at  considerably 
greater  speeds  with  elevated  temperature.  Thus,  at  750°,  30$  decompo¬ 
sition  occurs  after  O.13  millisec,  and  in  0.04  millisec  at  8ooc. 

4.  Fuels  Based  upon  Tetranltromethane 

Tetranitrome thane  may  be  considered  to  be  a  monopropellant,  since 
the  reaction  of  Intramolecular  oxidation  of  tetranltromethane  is  accom¬ 
panied  by  the  liberation  of  a  considerable  quantity  of  heat: 

C(N02)4  -*•  CC>2  +  302  +  2N2  +  102.9  kcal/g-mole,  or  526  kcal/kg. 

Pure  tetranltromethane  is  not  used  alone  as  a  propellant,  however. 

Tetranltromethane  is  an  endothermic  compound  with  a  heat  of  forma¬ 
tion  of  8.9  kcal/g-mole.  It  begins  to  decompose  at  the  boiling  point  of 
126-127°. 

Rot  [17]  has  made  a  detailed  investigation  of  the  explosive  prop¬ 
erties  of  solutions  of  nitrobenzene  in  tetranltromethane. 

The  shock  sensitivity  was  investigated  in  a  special  plunger-type 
device  having  a  hammer  diameter  of  5-6  mm;  an  ampoule  with  the  material 
was  placed  under  the  hammer .  A  blow  with  the  hammer  is  produced  by  a 
weight  of  2.15  or  5«04  kg,  falling  from  various  heights.  The  work  of 
the  blow  was  determined  as  the  work  in  kgfm  (i.e.,  the  product  of  the 
weight  by  the  height  of  the  fall)  per  cm2  of  surface. 

The  height  through  which  the  weight  fell  and  the  work  of  the  blow 
were  recorded  for  the  height  at  which  5 0%  of  10  tests  produced  explo- 


TABLE  134 

Explosive  Properties  of  Solutions  of 
Nitrobenzene  in  Tetranitromethane  [17,  18] 
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plosion;  7J  normal  explosives;  8)  nitro¬ 
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sions.  The  results  of  the  tests  are  shown  in  Table  154. 

Determinations  were  made  of  the  detonation  rate,  the  fugacity 
(from  the  expansion  of  a  channel  in  a  lead  bomb),  and  the  brisance 
(from  the  compression  of  a  copper  column  in  a  standard  test). 

At  concentrations  of  5-10$,  solutions  of  nitrobenzene  in  tetra¬ 
nitromethane  have  a  sensitivity,  under  comparable  experimental  condi¬ 
tions,  close  to  that  of  nitroglycerin,  and  at  concentrations  of  30-40$, 
close  to  that  of  tetryl. 

Under  similar  conditions,  trinitrotoluene  produces  a  compression 
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of  4.2  mm;  5  and  40 %  solutions  of  nitrobenzene  in  tetranitromethefne 
have  a  greater  brisance  than  does  trinitrotoluene. 

The  fugacity  of  solutions  of  nitrobenzene  in  tetranitromethane 
was  determined  in  a  lead  bomb  200  mm  in  diameter  and  250  mm  high,  with 
an  internal  cylindrical  channel  12.5  mm  in  diameter. 


TABLE  155 


Susceptibility  and  Explosive  Effect  of  Tetranitro¬ 
methane,  its  Mixtures,  and  Normal  Explosives  from 
Volume  of  Depression  in  Plate  (ml)  [18] 
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1)  Detonator  No.;  2)  tetranitromethane;  3)  trinit¬ 
rotoluene;  4)  nitroglycerin. 


Fig.  203.  Arrangement  of  in¬ 
stallation  for  studying  the  ex¬ 
plosive  properties  of  solutions 
of  organic  substances  in  tetra¬ 
nitromethane.  l)  Detonator;  2) 
mixture;  3)  plate. 

A  steel  piston  with  an  8-mm  aperture  is  pressed  into  the  bomb  chan- 
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Pig.  204.  Brisance  of  solutions 
of  hydrocarbons  in  tetranitro- 
methane  according  to  plate  de¬ 
formation.  1)  Capacity  of  in¬ 
dentation,  cm^;  2)  content  of 
tetranitromethane  in  mixture,  $. 


Fig.  205.  Combustion  rate  for 
mixtures  of  tetranitromethane 
with  alcohols,  l)  n-Hexanol; 

2)  n-octanol;  3)  n-butanol;  4) 
n-propanol;  5)  isopropanol;  6) 
isobutanol.  The  axis  of  abscis¬ 
sas  shows  the  relationship  to 
the  stoichiometric  composition. 

7)  Combustion  rate,  mm/sec. 

nel,  after  which  8.5  ml  of  solution  is  poured  in.  The  substance  is  set 
off  by  a  detonator  cartridge  introduced  through  the  hole  in  the  piston. 
The  fugacity  is  determined  from  the  expansion  of  the  bomb  following 
the  explosion.  The  stoichiometric  mixture  containing  22.5$  of  nitroben¬ 
zene  gives  a  greater  fugacity  than  does  nitroglycerin.  Pure  tetranitro- 
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TABUS  156 

Explosive  Properties  of  Hydrocarbon- 
letranltrome thane  Mixtures  [18J 
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1)  Mixture  composition,  $;  2)  nature 
of  explosion  and  effect  on  plate;  3) 
hydrocarbon;  4)  tetranltromethane; 

ai“to'5e  6)  slight  dam. 

age  to  plate;  7)  volume  of  depres- 

sion  25  cm3;  8)  elate  pierced;  9) 

broke?;  10 J  Plate  destroyed, 
maximum  explosive  force;  11)  plate 
destroyed;  12)  plate  fractured;  13) 

volume  of  depression  100  cm3. 


*ig.  206.  Combustion  rate  of 
^S1^03  of  tetranitromethane 
with  hydrocarbon  as  a  function 
of  ratio  to  stoichiometric  com¬ 
position.  1)  Cyclohexane;  2) 
Isooctane;  3)  n-heptane;  4) 
combustion  rate,  mm/sec. 
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Pig.  207.  Effect  of  temperature 
upon  combustion  rate  of  mixture 
of  tetranitrome thane  with  tol¬ 
uene  (O.85  of  stoichiometric 
composition).  1)  Combustion 
rate,  mm/sec;  2)  tenroerature, 
°C. 


Fig.  208.  Effect  of  ratio  to 
stoichiometric  composition  upon 
combustion  rate  of  mixtures  of 
tetranitrome thane  with  benzal- 
dehyde  and  nitrobenzene,  l) 
Benzaldehyde;  2)  nitrobenzene; 
3)  combustion  rate,  mm/sec. 


methane  and  a  20$  solution  of  it  in  nitrobenzene  will  not  detonate. 

The  detonation  rate  is  determined  by  the  Dotrish  method  in  steel 
tubes  having  inside  diameters  of  21  mm  on  a  300-mm  long  section,  trig¬ 
gered  by  10  g  of  pentrite. 

The  maximum  detonation  rate  corresponds  to  the  stoichiometric  com¬ 
position. 

In  1950,  an  investigation  was  made  of  the  explosive  properties  of 
tetranitrome thane  and  its  mixtures  with  oxides  of  nitrogen  and  hydro- 
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Fig.  209.  Effect  of  temperature 
upon  combustion  rate  of  mix¬ 
tures  of  tetranitrome thane  with 
benzaldehyde,  for  various 
stoichiometric  compositions. 

Ratio  to  stoichiometric  compo¬ 
sition:  1)  1.5;  2)  1.57;  3) 

2.08.  4)  Combustion  rate,  mm/sec; 
5)  temperature,  °C. 


carbons  upon  explosion  by  means  of  cartridges  of  various  powers  in  a 
lead  bomb.  The  results  of  the  lead-bomb  channel-expansion  test  are 
shown  in  Table  155. 

The  liability  to  explosion  of  tetranitromethane  is  to  a  large  de¬ 
gree  dependent  upon  its  purity,  since  very  small  amounts  of  organic 
impurities  increase  the  susceptibility  to  detonation.  According  to  the 
data  of  Rot,  pure  tetranitromethane  (melting  point,  13.8-14.1°),  has 
no  tendency  to  detonate  under  the  action  of  a  detonator  with  a  10-g 
tetryl  grain. 

The  explosive  properties  of  tetranitromethane  mixed  with  hydrocar¬ 
bons  were  investigated  by  means  of  the  Installation  shown  in  Fig.  203 . 

The  mixture  under  Investigation,  weighing  10  g,  is  placed  in  a 
steel  cylinder  26.75  mm  in  diameter,  50  mm  high,  and  with  walls  4  mm 
thick.  The  beaker  is  mounted  on  a  steel  plate  whose  deformation  (mag¬ 
nitude  of  the  depression)  following  the  explosion  is  indicative  of  the 
force  of  the  explosion. 
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The  test  results  are  shown  in  Table  156. 

It  is  clear  from  the  data  of  Table  156  that  a  mixture  containing 
less  than  25#  of  tetranitrome thane  mixed  with  hydrocarbons  is  safe. 

Figure  204  shows  the  way  in  which  explosive  properties  depend 
upon  mixture  composition  in  accordance  with  the  depression  obtained  in 
the  plate. 

Stoichiometric  mixtures  of  tetranitromethane  with  organic  com¬ 
bustibles  are  close  in  sensitivity  to  such  a  highly  sensitive  explosive 
as  nitroglycerin.  Thus,  monopropellants  in  this  form  can  scarcely  find 
application. 

Berens  [18]  has  investigated  the  combustion  rate  of  liquid  mono¬ 
propellants  taking  the  form  of  mixtures  of  tetranitromethane  with  cer¬ 
tain  combustibles:  alcohols,  aldehydes,  and  hydrocarbons.  These  mix¬ 
tures  are  placed  in  glass  tubes  5*5  nun  in  diameter,  open  at  one  end. 

The  propellant  is  ignited,  and  the  combustion  rate  determined  at  atmos¬ 
pheric  pressure  as  a  function  of  the  stoichiometric  composition  and 
temperature.  For  each  mixture,  there  is  a  stoichiometric  composition 
for  which  the  combustion  rate  is  maximal. 

Figure  205  shows  the  combustion  rate  of  mixtures  of  tetranitro¬ 
methane  with  several  alcohols:  propanol,  butanol,  hexanol,  and  octanol. 
Figures  206  and  207  shows  the  combustion  rate  of  mixtures  of  tetrani¬ 
tromethane  with  hydrocarbons:  toluene,  xylol,  cyclohexane,  isooctane, 
and  n-heptane,  and  Fig.  208,  the  combustion  rate  of  mixtures  of  nitro- 
methane  with  benzaldehyde  and  nitrobenzene. 

Figure  209  shows  the  effect  of  temperature  upon  the  combustion 
rate  of  a  mixture  of  benzaldehyde  with  tetranitromethane  for  different 
stoichiometric  mixture  compositions.  The  combustion  rate  may  double 
upon  variation  in  the  temperature  range  from  10  to  100°. 

It  has  been  suggested  that  a  monopropellant  may  be  made  from  the 


three -component  mixture  consisting  of  tetranltromethane,  nitrous  oxide, 
and  ammonia:  C(N02 +  Ng0  +  [4,  11].  The  characteristics  of  this 

propellant  are  not  given  in  detail. 

5.  Propellants  Based  upon  Hydrogen  Peroxide 

Hydrogen  peroxide  decomposes  easily  into  oxygen  and  water  with 
the  evolution  of  a  considerable  amount  of  heat: 

H202  (liquid)  -*H20  (gas)  +  l/202  +  12.59  kcal. 

This  makes  it  possible  to  utilize  hydrogen  peroxide  as  an  inde¬ 
pendent  low-heating-value  monopropellant,  characterized  by  a  low  com¬ 
bustion  temperature. 

80-90#  hydrogen  peroxide  has  found  practical  application  as  a 
monopropellant.  It  has  been  used  in  the  "V-2"  rocket  as  an  auxiliary 
fuel  for  the  formation  of  the  vapor-gas  mixture  used  to  run  the  tur¬ 
bines  of  the  pumps  supplying  propellant  to  the  rocket  motor.  Decompo¬ 
sition  of  hydrogen  peroxide  is  brought  about  with  the  aid  of  solid  or 
liquid  catalysts. 

99-100#  hydrogen  peroxide  is  an  insensitive  explosive  of  the  am¬ 
monium  nitrate  type,  but  it  is  sensitive  to  catalysts.  99.6#  hydrogen 
peroxide  cannot  be  exploded  by  a  standard  detonator  cartridge  in  open 
charges.  When  set  off  in  a  lead  bomb  with  a  sand  plug,  however,  an  ex¬ 
pansion  of  the  bomb  inside  channel  of  up  to  75-80  cm^  is  obtained, 
i.e.,  the  same  as  for  gunpowder. 

When  an  additional  detonator  consisting  of  50  g  of  pressed  penta- 
erythrite  is  used  to  set  off  99-100#  hydrogen  peroxide  in  250-mm  long 
steel  tubes  34  mm  in  diameter  with  a  wall  thickness  of  3  mm,  complete 
detonation  of  the  hydrogen  peroxide  occurs.  94#  hydrogen  peroxide  also 
detonates  under  these  conditions.  The  detonation  does  not  propagate 
throughout  the  entire  length  of  the  tube  in  92#  hydrogen  peroxide,  how¬ 
ever,  but  only  to  a  distance  of  100  mm  from  the  detonator. 


90%  hydrogen  peroxide  will  not  detonate  under  the  action  of  an 
intermediate  detonator  or  bullets  fired  through  it.  According  to  other 
data,  hydrogen  peroxide,  in  concentrations  above  87%,  may  explode  as  a 
result  of  rifle  fire,  although  this  is  Improbable. 

Certain  investigators  [4]  maintain  that  mixtures  that  cannot  be 
detonated  from  detonator  cartridges  in  tubes  may  be  considered  safe 
for  practical  conditions.  It  is  possible  to  agree  with  this  opinion, 
only  from  the  point  of  view  of  storage  and  transportation  of  the  mix¬ 
tures,  but  certainly  not  where  they  are  operating  in  a  motor. 

Many  organic  hydrogen-containing  and  nitrogen-containing  sub¬ 
stances  will  dissolve  in  concentrated  hydrogen  peroxide  without  chem¬ 
ical  interaction  (methyl,  ethyl,  and  propyl  alcohols,  ethyleneglycol, 
glycerine,  acetone,  acetic  acid  and  acetic  anhydride,  methylmethacryl¬ 
ate,  aniline,  quinoline).  Many  solutions  having  very  nearly  the  stoi¬ 
chiometric  composition  of  complete  combustion,  are  extremely  explosive 
and  detonate  even  if  the  container  with  the  substance  is  dropped.  The 

explosion  may  be  comparable  in  force  with  the  explosion  of  the  corres¬ 
ponding  amount  of  nitroglycerin. 

Investigations  have  established  that  90 4  hydrogen  peroxide  deton¬ 
ates  In  lead  tubes  under  the  effect  of  a  detonator  cartridge  when  sev¬ 
eral  percent  of  organic  substances  are  added;  the  detonation  also  oc¬ 
curs  In  cases  In  which  90$  hydrogen  peroxide  occupies  more  than  30$  of 
the  volume  of  the  mixture. 

Detailed  investigations  have  been  made  of  the  explosive  properties 

Of  ternary  mixtures  of  hydrogen  peroxide  and  water  with  ethyl  alcohol, 

acetone,  and  glycerine  upon  the  basis  of  which  triangle  diagrams  have 

been  drawn  in  which  the  limits  of  explosive  mixtures  have  been  drawn 

as  a  function  of  the  content  of  hydrogen  peroxide,  organic  substance, 
and  water  [19]. 
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Fig.  210.  Diagram  for  explosive 
limits  of  mixture  of  hydrogen  perox¬ 
ide  with  ethyl  alcohol  and  water, 
x)  Explosion]  0)  no  explosion;  1) 
detonation  composition;  2)  stoichio¬ 
metric  ratio. 


1  tOO  ft  i nunc  puna 


K,0:  H;0 

Fig.  211.  Diagram  of  explosive 
limits  for  mixture  of  hydrogen  per¬ 
oxide  with  glycerine  and  water,  x) 
Explosion;  0)  no  explosion;  l)  100$ 
glycerine;  2)  detonating  composi¬ 
tions;  3)  stoichiometric  composi¬ 
tions. 


The  experiments  were  carried  out  as  follows:  the  hydrogen  perox¬ 
ide  was  mixed  with  the  combustible  in  the  required  amounts  behind  a 
panel  which  prevented  possible  harmful  consequences  from  the  explosion. 
A  glass  tube  measuring  15  x  150  (mm)  with  10  ml  of  the  mixture  obtained 
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Fig.  212.  Diagram  of  explosive 
limits  for  mixture  of  hydrogen  per¬ 
oxide  with  acetone  and  water,  x; 
Explodes;  0)  does  not  explode;  1) 
100#  acetone;  2)  detonating  compo¬ 
sitions;  3}  stoichiometric  composi¬ 
tions. 


was  placed  in  a  lead  tube  18  mm  in  diameter  with  waJls  6  mm  thick  which 
was  mounted  vertically  on  a  steel  plate.  The  propellant  was  exploded 
by  means  of  a  detonator  cartridge  half  immersed  in  the  propellant.  The 
effect  of  the  explosion  was  estimated  in  terms  of  damage  to  the  tube. 

If  water  alone  was  used  in  place  of  the  propellant,  the  lead  tube  was 
only  bulged  upon  explosion  of  the  detonator  cartridge.  If  the  lead 
tube  was  blown  into  separate  pieces,  it  was  assumed  that  a  detonation 
had  occurred.  This  method  is  quite  rigorous.  Thus  mixtures  that  do  not 
detonate  in  these  experiments  may  be  considered  [10,  19 ]  as  not  being 
liable  to  detonation  under  practical  conditions. 

Figures  210-212  show  triangle  diagrams  for  the  explosive  limits 
of  mixtures  based  upon  hydrogen  peroxide,  ethyl  alcohol,  glycerine, 
and  acetone.  90#  hydrogen  peroxide  with  several  percent  of  dissolved 
combustibles  added  produces  an  easily  detonating  propellant  [20]. 

The  shock  sensitivity  of  a  mixture  of  stoichiometric  composition 
of  90#  hydrogen  peroxide  with  glycerine 
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is  estimated  as  a  work  of  15  kgf-m.  This  furnishes  us  a  basis  for 
classifying  this  mixture  as  a  class  one  explosive  with  respect  to  sen¬ 
sitivity,  of  the  mercury-fulminate  type. 

It  has  also  been  suggested  that  a  solution  of  hydroxy quinoline  in 
concentrated  hydrogen  peroxide  be  employed  as  a  monopropellant  [11], 

6.  Monopropellant  Based  upon  Ethylene  Oxide 

Recently,  it  has  been  proposed  to  employ  ethylene  oxide  [21,  22] 
as  a  liquid  monopropellant. 

Ethylene  oxide  is  a  gas  condensing  to  a  liquid  at  a  temperature 
of  +13. 5°  and  freezing  at  -111.5°*  Its  density  is  =  0.887.  The  heat 
of  formation  of  liquid  ethylene  oxide  is  +18.29  kcal/mole,  and  of  gas¬ 
eous  ethylene  oxide,  +12.19  kcal/mole. 


TABLE  157 


Pressure,  Decomposition-Product  Composition,  and 
Specific  Thrust  of  Monopropellant  Based  upon  CoHh0 
[21,  22]  ^  4 
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l)  Pressure  in  chamber  of  motor,  atm;  2)  product 
composition  in  moles;  3)  temperature,  °C;  4)  spe¬ 
cific  impulse,  sec. 


The  following  formula  may  be  written  theoretically  for  the  decom¬ 
position  of  ethylene  oxide: 

CH,  -  CH2  ->  CO  +  CH4-+32  kcal/mole . 

\  / 

0 

In  this  case,  a  considerable  amount  of  heat  should  be  developed 
(726  kcal/kg).  In  practice,  however,  decomposition  of  ethylene  oxide 


proceeds  in  accordance  with  the  equation 

C,H40  -  a  CO  +  b  CH4  +  c  C*H4  +  d  H, 

and  is  associated  with  the  formation  of  CgH^  and  Hg  as  side  products, 
which  decreases  the  heat  evolution.  Consequently,  the  heating  yield  of 
ethylene  oxide  is  at  the  powder  level.  The  temperature  of  the  process 
is  1157°,  and  the  specific  impulse  in  a  motor  for  a  pressure  ratio  of 
20.4:1  is  166.3  sec. 

Table  157  shows  the  composition  of  products,  process  temperature, 
and  specific  thrust  of  a  motor  using  CglfyO  as  a  monopropellant,  as 
functions  of  the  chamber  pressure. 

As  a  monopropellant,  ethylene  oxide  has  undergone  bench  tests  in 
which  problems  of  reliability  and  stability  of  motor  operation  with 
this  propellant  were  studied. 

It  is  clear  that  ethylene  oxide  is  relatively  safe  in  operation, 

and  deserves  attention  as  a  new  type  of  monopropellant. 

7.  The  Possibility  of  Obtaining  Monopropellants  Based  upon  Endothermal 
Compounds  * 

Compounds  that  form  with  the  absorption  of  heat,  i.e.,  endothermal 
substances  may  yield  heat  upon  breaking  down  into  elements.  The  reverse 
process,  however,  that  is,  the  decomposition  of  the  substance  into  ele¬ 
ments  is  not  always  possible  in  the  form  of  a  self propagating  reaction. 
This  depends  upon  the  strength  of  the  bonds,  the  activation  energy 
needed  to  initiate  the  process,  and  several  other  factors.  In  many 
cases,  synthesis  processes  leading  to  new  compounds  may  occur  upon  de¬ 
composition  of  endothermal  compounds,  increasing  the  heat  yield. 

Table  158  shows  compounds  that  form  with  the  absorption  of  heat. 
The  first  of  these  compounds  —  hydrazoic  acid  -  has  a  high  heating 
value,  but  is  an  extremely  sensitive  explosive,  and  thus  cannot  be  used 
in  the  pure  form. 


-  571  - 


TABLE  158 


Characteristics  of  Endothermic  Compounds  un¬ 
der  Consideration  as  Monopropellants 


1  COCAHIICRMC 

2  Dojwowhuc  ypADUCHNR  pae- 
niju 

3*1. 

HI 

n 

h*4 

n  k 

O  nv. 

r,  a  2 

£  *  x 

(2>t* 

5  AaOTUOBOAOpOAHIfl 

HNa-  V:H,+  P/,N, 

+67,0 

1392 

KHCAOTI  ...  . 

N'j  +  2H, 

+12,05 

375 

0  Dupumi  ...  . 

N,IU^ 

NH,+  V»H,  +  V,  N, 

+23 

825 

N,+  2C+3H, 

+12 

200 

7  Ai<MeT(uirHApa3HH  . 

8  OxHCk'aaora  .  .  . 

(CH,),  N-NHj^ 

N,  +  1  VsCH*  +  '/£ 
NO  -  V;N,  +  V,0, 

-21,0 

050 

720 

2C  +  H, 

+54, 10 

2080 

9  AuemncK . 

CsH,^ 

V^H4+  P/*C 

+08,1 

2020 

0  dnuich . 

2C  +  2H, 

+12,5 

48U 

C,H.( 

qih  +  c 

+30,5 

1130 

1  Bchjoji . 

C«H«  -  6C  +  3H, 

+11,1 

140 

1)  Compound;  2)  possible  decomposition  equa¬ 
tion;  3)  heat  yield  of  reaction,  kcal/kg;  4) 
heating  value,  kcal/mole;  5)  hydrazoic  acid; 

6)  hydrazine;  7)  dimethylhydrazine;  8)  nitric 
acid;  9)  acetylene;  10)  ethylene;  11)  benzene. 

Hydrazine  may  break  down  according  to  two  equations  but  in  view 
of  the  fact  that  at  temperatures  exceeding  800°  ammonia  breaks  down 
completely  into  hydrogen  and  nitrogen,  the  decomposition  to  nitrogen 
and  hydrogen  occurs.  Here  the  specific  impulse  will  amount  to  about 
130  sec  where  p/pQ  =  25,  and  the  process  temperature  is  867°K,  while 
if  the  ammonia  did  not  decompose,  it  would  be  possible  to  obtain  an 
impulse  of  the  order  of  170  sec  [23,  24]. 

In  the  absence  of  oxygen  and  decomposition  catalysts,  liquid  hy¬ 
drazine  is  evidently  a  substance  presenting  no  hazard  of  explosion, 
since  hydrazine  cannot  be  detonated  by  normal  means. 

The  use  of  nitric  oxide,  acetylene,  and  ethylene  is  complicated 
by  the  fact  that  they  are  gases,  while  acetylene  is  very  explosive  in 
the  compressed  or  liquid  form. 


1 

Benzene  is  an  example  of  an  endothermic  compound  with  a  low  heat 
yield,  and  in  practice,  it  is  not  possible  to  cause  it  to  decompose 
spontaneously  into  its  elements. 
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Chapter  9 

SOLID  ROCKET  PROPELLANTS 

1.  INTRODUCTION 

The  first  solid  fuel  used  for  rockets  was  black  powder.  Powder 
rockets  have  been  used  for  many  centuries  In  pyrotechnics  and  In 
warfare  as  a  supplement  to  artillery.  However,  the  rockets  of  past 
centuries  had  short  flight  ranges  and  low  accuracy  due  to  the  low 
calorific  value  of  the  black  powder  and  the  Imperfection  of  their 
design. 

When  rifled-bore  weapons  made  their  appearance,  powder  rockets 
were  universally  dropped  from  ordinance  (during  the  second  half  of 
the  last  century) .  The  recent  history  of  solid- fuel  rocket  weapons 
begins  with  the  Second  World  War. 

By  the  beginning  of  19^1,  the  Soviet  Union  had  developed  rocket 
missiles  using  nitroglycerine  powder  and  mobile  truck-mounted  in¬ 
stallations  for  launching  the  missiles  on  large  scales.  Beginning  in 
the  summer  of  1941,  these  rocket  installations,  which  came  to  be  known 
as  "Guards  Mortars"  and  "Katyushas,"  were  used  successfully  under 
field  conditions.  The  success  of  the  new  weapon  was  a  result  of  the 
fact  that  a  nitroglycerine  powder,  which  is  far  superior  to  black 
powder  in  heating  value,  was  used  as  the  fuel.  This  made  it  possible 
to  increase  the  accuracy  of  the  fire  sharply;  the  missiles  were 
launched  from  mobile  platforms  with  many  hundreds  directed  at  a  rela¬ 
tively  small  area  occupied  by  the  enemy.  During  the  Second  World  War 
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powder  rockets  came  into  use  in  other  armies  (German  six-tube  mortars), 

but  the  "Guards  Mortars"  remained  unsurpassed  until  the  end  of  the 
war. 

During  the  postwar  period  (1945-1950),  improvement  of  the  nitro¬ 
glycerine-powder  rocket  missiles  continued,  but  it  was  at  first  be¬ 
lieved  that  solid-fuel  rockets  could  have  only  relatively  short 
ranges  (5-50  km),  while  ranges  of  300  to  3000  km  and  longer  would 
require  the  exclusive  use  of  liquid- fuel  rocket  engines.  • 

The  working  principle  of  a  powder  rocket  engine  is  shown  in  Pig. 
213.  The  nitroglycerine  powder  is  inserted  into  the  engine  in  the 
form  of  separate  grains,  combustion  of  which  develops  a  temperature 
of  2500-2700°.  Stable  combustion  of  ordinary  nitroglycerine  powder 
was  possible  at  pressures  no  lower  than  100  atm.  Since  the  solid-fuel 
rocket  engine  was  uncooled,  it  could  operate  no  longer  than  1/2  to 
2  sec  if  rupture  of  the  walls  was  to  be  avoided,  in  order  to  prolong 
the  burning  time  of  the  engine,  it  was  necessary  to  make  the  combus¬ 
tion-chamber  walls  very  thick,  and  this  increased  the  weight  of  the 
engine . 

As  the  production  of  the  powder  was  refined,  it  became  possible 
to  make  relatively  large  single-channel  grains,  which  were  secured  to 
the  engine  walls  at  their  outer  surfaces;  combustion  proceeded  from 
the  central  channel.  In  this  case,  the  combustion-chamber  walls  were 

not  subject  to  the  action  of  temperatures  and  were  shielded  by  a  layer 
of  the  fuel  (Pig.  214). 

In  recent  years,  new  types  of  mixed  solid  fuels  have  been  de¬ 
veloped,  these  are  liquid  when  heated  and  can  be  poured  into  a  com¬ 
bustion  chamber  having  any  dimensions.  On  cooling,  the  fuel  solidifies. 

A  channel  is  left  in  the  center  of  the  charge  on  pouring,  and  com¬ 
bustion  begins  here.  Mixtures  of  ammonium  nitrate  or  perchlorate  with 
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Pig.  213.  Diagram  of  early  powder  rocket  engine 
with  several  grains  of  nitroglycerine  powder. 


Fig.  214 .  Solid- fuel  rocket  engine  with  single¬ 
channel  grain  of  cordite  powder.  1)  Engine 
casing;  2)  powder  grain;  3)  nozzle  with  re¬ 
fractory  liner. 


Fig.  215.  Modern  rocket  engine  with  mixed  solid 
fuel  cast  into  combustion  chamber  (specific  im¬ 
pulse  223  sec).  1)  Igniter;  2)  heat-resistant 
nozzle;  3)  heat-resistant  nozzle  liner;  4)  joint 
between  chamber  and  nozzle  unit;  5)  cast  charge; 

6)  combustion-chamber  shell. 

rubber  or  resins  can  be  cited  as  examples  of  such  fuels.  Work  on  mixed 
solid  fuels  was  begun  in  1947  at  the  California  Institute  of  Tech¬ 
nology  in  the  USA  [1,  2].  Combustion  of  mixed  solid  fuels  takes  place 
at  only  moderately  high  pressures  -  20-70  atm  -  from  the  central  chan¬ 
nel,  and  the  heated  products  do  not  come  into  contact  with  the  walls. 
As  a  result,  it  has  been  possible  to  reduce  the  weight  of  the  engine 


considerably,  and  to  increase  its  burning  time  to  several  tens  of 
seconds . 


Fig.  2l6.  Various  types  of  mixed-solid- fuel 
grain  charges  produced  by  casting. 


Fig.  217.  Various  shapes  of  solid- fuel  charges 
that  ensure  progressive  combustion  rates. 

The  first  successful  tests  of  an  engine  using  the  mixed  solid 
fuel  in  the  USA  were  carried  out  in  19^7,  but  the  basic  studies  to¬ 
ward  the  creation  of  rockets  were  begun  after  1954  [2].  In  recent  years, 
about  70$  of  the  funds  being  spent  on  rocket  fuels  in  the  USA  have 
gone  for  development  of  solid  fuels  [3;  4]j  this  indicates  their 
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increasing  importance. 

Figure  215  gives  a  schematic  representation  of  an  engine  using 
a  mixed  solid  fuel.  The  internal  channel  in  the  fuel  may  be  smooth 
and  cylindrical  or  have  a  more  complex  shape,  such  as  a  star  shape 
(Fig.  216),  and  the  fuel  package  may  also  have  a  more  complex  exter¬ 
nal  surface  (Fig.  217).  In  the  former  case,  the  engine  develops  in¬ 
creasing  thrust  as  the  fuel  burns  and  the  combustion  surface  increases. 
When  the  central  channel  is  given  a  complex  shape,  the  engine  thrust 
may  be  higher  during  the  initial  phase,  or,  on  the  other  hand,  it  may 
maintain  a  constant  value  during  the  entire  combustion  time,  depend¬ 
ing  on  the  combustion  surface. 

The  use  of  mixed  solid  fuels  offers  a  number  of  advantages  over 
the  use  of  liquid  fuels.  First,  solid  fuels  guarantee  stable  combus¬ 
tion  at  pressures  from  20  to  70  atm,  while  pressure'’  no  lower  than 
100  atm  had  previously  been  required.  Placement  of  the  charge  along 
the  engine  walls  protects  the  engine  from  the  effects  of  high  tem¬ 
peratures  until  all  of  the  fuel  has  burned.  This  makes  it  possible  to 
build  engines  that  operate  for  20-60  sec,  without  the  engine  walls 
becoming  heated  above  60°. 

The  use  of  the  casting  method  for  fueling  makes  it  possible  to 
create  large  charges  up  to  1.5-2. 5  meters  and  more  in  diameter  with 
lengths  of  5-10  meters.  It  was  virtually  impossible  to  produce  such 
charges  in  series  production  by  the  old  method  of  pressforming.  Solid 
casting  fuels  are  plastic,  and  can  work  without  cracking  and  deform¬ 
ing  under  the  combustion  pressure  applied  from  the  central  channel 
at  initial  temperatures  of  -55  to  +75°, 

An  innovation  introduced  by  way  of  improving  the  engines  was  the 
creation  of  heat-resistant  insert  nozzles  that  are  capable  of  with¬ 
standing  high  temperatures  (2500-2700°)  without  cooling  for  20-50  sec, 


as  is  the  development  of  methods  of  regulating  engine  thrust  and 

"cutting  It  off  at  the  proper  moment  -  a  control  not  previously 
applied  to  solid-fuel  engines. 

Prom  the  operational  standpoint,  solid-fuel  rockets  do  not  re¬ 
tire  fueling  before  launching.  In  contrast  to  liquid-fuel  rockets 
and  are  always  ready  for  use.  Starting  solid-fuel  engines,  particularly 
under  conditions  of  low  pressure  and  weightlessness,  Is  more  depend¬ 
able  than  that  of  llquld-fuel  engines.  Launching  of  solid-fuel  rockets 
from  naval  vessels  and  submarines  Is  less  dangerous  then  that  of 

rockets  serviced  with  liquid  propellants  (nitric  acid,  liquid  oxygen 
etc.). 

The  efficiency  of  mixed  solid  fuels  with  specific  Impulses  of 
220-240  sec  and  densities  of  about  1.7  closely  approach  those  of 
liquid  rocket  propellants. 

The  combustion  chambers  of  solld-propellant  rocket  engines  are 
-de  from  lightweight  aluminum  alloys  or  strong  reinforced  plastics. 
Glass-fiiied  plastics  combining  nylon,  epoxy,  and  other  resins  with 
tempered  glass  fiber  are  used  for  this  purpose.  When  the  engine  Is 

“'e  °f  3  8la-“Hud  plastic,  a  glass-fiber  bag  Is  woven  to  the 
shape  of  the  chamber  and  Impregnated  with  resins,  after  which  the 
resins  are  allowed  to  solidify.  The  partlng  strength  Qf  ^  ^  ^ 

a  glass-fined  plastic  chamber  may  run  as  high  as  90-95  kgf/mm2,  while 
that  for  duralumin  is  42-46  kg/mm2  and  the  corresponding  figures  for 
mild  steel  are  48-57  kg/mm2.  The  engine  nozzles,  which  must  with¬ 
stand  high  temperature,  are  made  from  alloy  steel,  ceramics,  and 
graphite.  All  of  these  improvements  have  made  it  possible  to  reduce 
the  weight  of  the  engine  as  compared  with  the  old  metallic  designs  by 
a  factor  of  8  to  10,  i.e.,  to  reduce  it  to  7-15*  of  the  weight  of  the 


propellant . 


In  the  present  chapter,  we  shall  consider  mixed  fuels  based  on 
solid  oxidants,  resins,  and  rubbers,  which  give  a  whole  series  of 
operational  advantages  and  a  fueling  technique  more  convenient  than 
that  for  ordinary  powders,  the  latter  making  it  possible  to  design 

rockets  of  all  classes  [3,  4], 

*  *  * 

Let  us  devote  brief  consideration  to  the  range  of  application  of 
solid  fuels  in  contemporary  rocket  engines  [5-8]- 

Solid  fuels  are  used  in  aircraft  booster  engines  developing  400- 
600  and  1500-2000  kg  of  thrust  and  used  in  assisting  takeoff,  and  in 
rocket  boosters  for  launching  liquid-propellant  rockets.  (Rocket 
boosters  developing  20,  40,  and  65  tons  have  been  reported.)  Another 
field  of  application  of  solid  fuels  is  in  rockets  designed  for  100- 
300-km  ranges.  An  example  of  such  a  rocket  is  the  TTS  Army  "Sergeant" 
rocket,  which  has  a  range  of  320  km.  The  engine  of  this  rocket  has  a 
total  weight  of  3720  kg  and  contains  3190  kg  of  propellant,  i.e., 

8 6%  of  the  total  weight.  The  plastic  shell  of  the  engine  weighs 
348.3  kg,  the  nozzle  weighs  133*7  kg  and  its  fire-resistant  liner 
40.4  kg;  the  weight  of  the  explosive  charge  is  about  100  kg.  The 
engine  operates  for  23.8  sec,  developing  a  thrust  of  22,600  kg  at  a 
specific  impulse  of  191  sec. 

The  USA  has  developed  a  two-stage  medium-range  "Polaris"  rocket 
with  a  2400-km  range.  This  solid- fuel  rocket  weighs  12.7  tons;  the 
first-stage  engine  develops  a  thrust  of  4l  tons;  the  engine  contains 
9  tons  of  solid  propellant  based  on  ammonium  perchlorate  and  poly¬ 
urethane  resin;  the  specific  impulse  of  the  propellant  is  240  sec. 

The  engine  diameter  is  1.2  meters  and  its  length  is  from  7-5  to  9 
meters.  The  rocket's  warhead  weighs  450  kg.  The  cost  of  a  single 
"Polaris"  rocket  is  estimated  at  50  million  dollars.  It  appears  that 
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in  the  not-too-distant  future,  most  rockets  with  ranges  below  2000 
km  will  use  solid  fuels  [4]. 

A  "Super  Polaris."  rocket  with  a  range  of  4000  km  is  under  develop¬ 
ment  in  the  USA;  production  is  set  for  1964.  A  design  has  been 
worked  out  and  experimental  models  of  individual  stages  have  been 
built  for  a  "Minuteman"  solid- fuel  intercontinental  ballistic  missile. 
The  launching  weight  of  this  rocket  will  be  about  50  tons  and  its 
range  10,000  kilometers.  A  range  of  6000  kilometers  was  attained  in 
the  first  tests  in  1961  [33* 

The  American  firm  "Thiokol"  has  developed  solid  fuels  for  a 
75- ton- thrust  engine;  a  French  firm  has  developed  a  solid- propellant 
engine  whose  60  tons  of  thrust  are  controllable  [4]. 

Plans  are  being  worked  out  for  a  400-900- ton- thrust  solid-pro¬ 
pellant  engine  to  power  space  rockets.  An  engine  developing  a  thrust 
of  900  tons  is  being  designed  by  the  firm  "North  American,"  and  will 
hold  360  tons  of  solid  propellant  and  burn  for  90  sec;  at  a  pressure 
of  35  atm,  the  propellant  will  have  a  specific  Impulse  of  250  sec. 

The  engine  has  a  diameter  of  4.5  meters  and  a  length  of  20  meters  [53* 
In  view  of  the  difficulty  of  transporting  such  an  engine,  the  pro¬ 
pellant  charge  must  be  poured  at  the  launching  platform  or  assembled 

from  individual  blocks  or  segments. 

At  the  present  time,  the  USA  is  making  extensive  use  of  solid- 
propellant  rockets  for  cosmic  flights.  Thus,  the  USA's  first  cosmic 
rocket,  which  was  launched  toward  the  Moon  on  3  March  1959,  was  a 
multi-stage  rocket  with  a  launching  weight  of  60  tons.  The  first 
stage  of  this  rocket  was  based  on  a  "Jupiter"  medium- range  (2400  km) 
liquid-fuel  missile,  the  second  stage  was  a  bundle  of  eleven  solid- 
propellant  rockets,  the  third  stage  consisted  of  three  rockets  of 
the  same  type,  and  the  fourth  stage  of  a  single  solid-propellant 


-  584  - 


rocket. 


At  the  present  time,  the  USA  is  devoting  attention  to  hybrid 
engines  using  both  solid  and  liquid  propellants.  In  this  case,  the 
solid  combustible  is  placed  in  the  combustion  chamber  and  the  liquid 
oxidizer  is  fed  from  a  separate  tank  [8a]. 

Between  1961  and  1969,  the  USA  proposes  to  launch  approximately 
28-30  satellites  and  space  rockets  with  some  use  of  solid-propellant 
engines . 

2.  OXIDANTS  FOR  SOLID  ROCKET  PROPELLANTS 

Various  mixtures  of  solid  oxidants  (nitrates,  chlorates)  with 
combustible  substances  (resins,  magnesium,  aluminum)  that  burn  with 
considerable  evolution  of  heat  and  formation  of  gases,  have  been  used 
for  a  long  time  and  are  known  as  pyrotechnic  compositions.  In  con¬ 
trast  to  the  case  of  the  pyrotechnic  compositions,  in  combustion  of 
which  we  attempt  to  achieve  the  maximum  possible  evolution  of  heat, 
accompanied  by  the  development  of  high  temperature  and  the- formation 
of  a  large  quantity  of  slag  (burning  compounds)  or  high  luminosity 
(illuminating  compounds),  we  require  from  mixed  solid  propellants  the 
evolution  of  large  quantities  of  gas  and  heat  and  the  most  complete 
possible  conversion  of  this  heat  into  mechanical  work  in  order  to 
produce  the  highest  possible  specific  impulse  from  combustion  of  a 
unit  weight  of  solid  propellant.  We  shall  examine  a  number  of  solid 
oxidants  and  the  possibility  of  using  them  in  solid  propellants 
(Table  159).  In  practice,  ammonium  perchlorate,  ammonium  nitrate  and, 
more  rarely,  potassium  perchlorate  are  used  as  oxidants  in  mixed  solid 
rocket  propellants.  Potassium  nitrate  is  a  component  of  black  powder 
and  is  virtually  never  used  in  modern  mixed  powders. 

Such  oxidants  as  potassium  bichromate  and  potassium  permanganate 
contain  too  little  oxygen  to  be  used  alone.  They  are  used  as  combustion 
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[Key  to  Table  159,  cont'd.]  25)  barium  peroxide;  26)  potassium  per¬ 
manganate;  27)  potassium  bichromate. 

catalysts.  The  effectiveness  of  an  oxidant  is  determined  by  the  amount 
of  oxygen  not  bound  with  hydrogen  or  metals,  i.e.,  by  the  amount  of 
oxygen  that  has  not  lost  its  ability  to  participate  in  oxidation  re¬ 
actions  with  organic  substances. 

The  largest  quantities  of  oxygen  are  found  in  lithium  perchlorate 
(60#)  and  in  ammonium  perchlorate  (-54.5$).  Ammonium  nitrate  contains 
60$  of  oxygen,  but  only  50 #  is  active  in  oxidation  reactions.  Oxidants 
containing  less  than  45#  of  active  oxygen  are  not  used  in  solid  pro¬ 
pellants  . 

Another  important  factor  in  evaluating  an  oxidizer  is  its  heat 
of  formation.  This  heat  is  positive  for  all  of  the  oxidizers  under 
consideration,  i.e.,  the  oxidant  absorbs  a  considerable  quantity  of 
energy  on  its  decomposition  to  oxygen,  and  this,  in  turn,  reduces  the 
heat  effect  of  the  reaction.  Thus,  the  heating  value  of  a  fuel  com¬ 
posed  of  ammonium  nitrate  and  polyethylene  is  915  kcal/kg;  the  heat 
of  formation  of  the  oxidant  is  87.1  kcal/mole.  If  the  heat  of  forma¬ 
tion  of  the  oxidant  were  zero,  the  heating  value  of  such  a  fuel  would 
reach  1970  kcal/kg.  Consequently,  it  is  always  desirable  to  have 
oxidizers  with  the  lowest  possible  heats  of  formation  coupled  with  a 
high  oxygen  content . 

Together  with  heating  value,  a  favorable  composition  of  the  com¬ 
bustion  products  is  of  great  importance.  Thus,  combustion  of  propel¬ 
lants  based  on  potassium  perchlorate  results  in  formation  of  potassium 
chloride,  which  is  in  the  gaseous  state  (the  boiling  point  of  KC1  is 
l4l5°)  at  the  combustion  temperature  (2500°).  Vaporization  of  a  mole 
of  potassium  chloride  requires  45.25  keal.  The  heating  value  of  a 
compound  composed  of  potassium  perchlorate  and  resins  is  1040  kcal/kg; 
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if  part  of  the  energy  were  not  expended  on  vaporization  of  the  KC1, 
it  would  be  1330  kcal/kg,  i.e.,  300  kcal  higher. 

The  efficiency  of  conversion  of  heat  energy  into  mechanical  work 
during  outflow  of  the  combustion  products  from  the  engine  nozzle  de¬ 
creases  as  the  composition  of  the  combustion  products  becomes  more 
complex.  With  p/pQ  =  50,  this  value,  which  is  known  as  the  thermal 
efficiency  ( ) ,  diminishes  as  we  pass  from  biatomic  combustion  products 
(rjt  =  O.582  for  Hg,  N2,  CO,  HCl)  to  triatomic  products  (rjt  =  0.446 
for  C02,  H20,  KgO)  and  pentatomic  products  (r^  =  0.248  for  BgO^,  Al20q). 
The  composition  of  the  combustion  products  depends  on  the  oxidants 
and  combustibles  used.  The  inflammability  of  the  composition  and  the 
stability  of  its  combustion,  which  depend  to  a  major  degree  on  the 
properties  of  the  oxidant,  are  of  great  importance  in  connection  with 
application.  It  is  sometimes  necessary  to  add  catalysts  to  raise  the 
intensity  of  combustion  in  solid  propellants.  A  number  of  oxidants  - 
particularly  ammonium  nitrate  -  decompose  at  a  considerably  higher 
rate  and  at  lower  temperatures  in  the  presence  of  catalytic  additives 
than  they  do  without  catalysts. 

Chlorides,  nitrates,  and  sulfates  of  alkali  and  alkaline- earth 
metals  and  basic,  amphoteric,  and  acid  oxides  are  used  as  additives 
to  ammonium  nitrate.  The  variation  of  the  rate  of  thermal  decomposi¬ 
tion  of  the  nitrate  with  the  above  additives  has  been  studied  in  the 
range  from  170  to  300°,  i.e.,  at  temperatures  higher  than  the  melting 
point  of  the  anhydrous  nitrate  (169.6°).  It  has  been  noted  that 
chromium,  manganese,  and  copper  compounds  exert  the  strongest  accele¬ 
rating  influence  on  thermal  decomposition  of  the  nitrate. 

The  above-described  effect  of  catalytic  additives  may  be  ac¬ 
counted  for  by  their  ready  decomposition  with  considerable  evolution 
of  heat,  by  virtue  of  which  they  initiate  the  process  of  decomposition 
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of  the  oxidant  [10]. 

The  decomposition  reactions  of  the  initiating  additives  are: 

(NH.)sCr,0,  -  4H,0  +  N,  +  CrA  +  80  kcal 
NH.CIO,  -  2H,0  -r  */jN,  +  ‘/XI,  +  VA  +  100  kcal 
2NH.NO,  -  4H,0  +  2N,  +  108 kcal 

The  decomposition  reactions  of  ammonium  nitrate  are: 

NH.NO,  -  2H,0  +  N,0  +  18  kcal 
2NH.NO,  -  4H,0  +  N,  +  2NO  +  14  -kcal 
2NH.NO,  -  4H,0  +  1.5N,  +  NO,  +  49  kcal 

The  addition  of  2$  of  chromium  trioxide,  potassium  bichromate, 
or  ammonium  bichromate  to  the  fused  nitrate  at  200°  results  in  almost 
instantaneous  complete  thermal  decomposition  of  the  entire  melt.  The 
decomposition  of  the  nitrate  melt  is  accelerated  considerably  by  an 
additive  of  CuC12'2H20.  Such  additives  as  KCIO^,  KBrO^,  KIO^,  and 
NaN02  have  less  energetic  effects.  When  KIO^  is  added  to  the  melt, 
the  latter  assumes  a  violet  coloration  almost  immediately  and  then 
begins  to  evolve  iodine  vapor  vigorously. 

On  the  other  hand,  according  to  literature  data,  addition  of 
chlorides  to  the  nitrate  melt  accelerates  the  decomposition  process 
by  no  more  than  a  factor  of  2-3. 

The  accelerating  effect  of  metallic  chlorides  on  the  thermal- 
decomposition  process  of  the  fused  nitrate  can  be  accounted  for  from 
a  purely  chemical  viewpoint.  In  fact,  as  we  know,  the  combined  pre¬ 
sence  of  Cl~  and  NO^  ions  results  in  many  cases  in  the  reaction 

3Cr-  +  NO!  ^  NOC1  -f  Cl,  +  2Q2'. 

The  highly  reactive  nitrosyl  chloride  initiates  the  decomposition 
of  the  nitrate.  Experimental  data  on  the  acceleration  of  nitrate  de¬ 
composition  by  chromium  compounds  provide  an  interesting  comparison 
with  the  ability  of  the  nitrate  to  undergo  stable  combustion,  as  de- 
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scribed  in  the  literature.  At  room  temperature  and  atmospheric  pres¬ 
sure,  ammonium  nitrate  does  not  burn  in  pure  form,  but  combustion 
starts  easily  when  5-10#  of  compounds  of  hexavalent  chromium  are  added 
to  it.  Combustion  of  the  nitrate  with  these  additives  is  always  pre¬ 
ceded  by  heating  and  melting  of  the  underlying  layers,  in  which  the 
above-described  processes  of  thermal  decomposition  will  naturally 
then  take  place. 

The  hygroscopicity  of  the  oxidant,  i.e.,  its  ability  to  absorb 
moisture  from  the  air  and  become  moist,  a  property  related  to  the 
solubility  of  the  salt  in  water,  is  of  great  importance  under  opera¬ 
tional  conditions.  In  practice,  work  with  salts  is  difficult  when  the 
relative  moisture  content  above  their  saturated  solutions  is  below 
80#.  The  rate  of  absorption  and  the  quantity  of  moisture  absorbed 
from  the  air  by  a  given  salt  depends  not  only  on  the  chemical  nature 
of  the  salt  and  the  temperature  and  relative  humidity  of  the  air,  but 
also  on  the  surface  of  the  salt  and  the  strength  of  its  film  of  the 
resin  used  in  the  propellant. 

Apart  from  the  general  properties  of  the  oxidants  and  their  ef¬ 
fectiveness,  their  natural  reserves  and  the  production  capacity  for 
them  are  of  importance.  Thus,  ammonium  nitrate  is  a  product  many  tons 
of  which  are  produced  by  the  contemporary  chemical  industry.  The  pro¬ 
duction  of  ammonium  nitrate  in  the  USA  runs  to  about  2  million  tons, 
per  year.  In  1959 >  the  USA's  production  capacity  for  ammonium  per¬ 
chlorate  was  100,000  tons  per  year,  and  the  output  during  this  same 
year  was  10,000  tons  [10],  In  1955,  lithium  perchlorate  production 
in  the  USA  was  only  one  ton  [10]. 

Apart  from  oxygen  compounds,  fluorine  compounds  can  also  act  as 
oxidants.  Compounds  of  fluorine  with  sufficiently  high  fluorine  con¬ 
tents  and  low  heats  of  formation  -  gases  or  liquids  -  may  be  regarded 
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TABLE  160 

Inorganic  Fluorides  with  High  Fluorine 
Contents  [12,  13] 


^  ^  Xiimuicckoc  itaan.muc 

2) 

Oop.My.ia  ^ 

i.Tcn/ior*  o6p.v 

1 )  J0D.1HHR, 

y  km*Im*4* 

4; 

rcTpa<|iropiu  TiiTana . 

TiF, 

R 

rcTp.itjiTopua  0.1011a . 

SnF4 

— 

rpm|m»p.a  xpoxi.i . 

CrF, 

m 

7 

'CKC.1(|)TOpnaCypbMU . 

SliF, 

— 

8 

IciiTaipTopia  no.iwjip.iMa  .  . 

wf4 

— 

9 

'cKcaijiToptu  MO.in0.ieua  .  . 

MoFc 

300 

10 

ICKacjiTOpiia  ccpu . 

SjFio 

480 

111 

(ajiiiit  Mapraucu  rcKc.njiTo- 

p»a . 

KiMuFi 

— 

— 

DrSliF, 

— 

OpoM  Tcrpa<{>ro;>i:.i  . . 

KQrF, 

— 

1)  Chemical  name;  2)  formula;  3)  heat  of 
formation,  kcal/mole;  4)  titanium  tetra- 
fluoride;  5)  stannic  tetrafluoride;  6) 
chromium  trifluoride;  7)  antimony  hexa¬ 
fluoride;  8)  tungsten  pentafluoride; 

9)  molybdenum  hexafluoride;  10)  sulfur 
decaf luoride;  11)  potassium  manganese 
hexafluoride;  12)  potassium  bromotetra- 
f luoride. 

only  as  liquid- propellant  components.  Fluorine  forms  a  whole  series 
of  fluorides  with  metals  and  nonmetals.  However,  metal  fluorides, 
regardless  of  their  high  fluorine  contents,  have  excessively  high 
heats  of  formation,  so  that  propellant  mixtures  based  on  them  are 
not  efficient.  Among  the  inorganic  fluorides,  we  may  note  those 
listed  in  Table  160  as  containing  large  quantities  of  fluorine. 

None  of  the  fluorides  listed  can  be  regarded  as  an  efficient 
oxidizer. 

A  number  of  organic  fluorine  derivatives  may  also  be  regarded 
as  oxidizers.  In  organic  compounds,  fluorine  replaces  carbon  [sic] 
atoms  with  formation  of  perfluoro  derivatives  that  are  known  as  fluoro¬ 
carbons  [14].  The  fluorocarbons  are  oxidizers  with  respect  to  metals. 
Among  the  solid  compounds  of  this  type,  we  shall  consider  perfluoro- 
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=  +13^0 


hexadecane  -  Cl6F34>  m.p.  1150,  b.p.  240°,  dg0  =  1.98,  qobr 
kcal/mole . 


Its  reaction  with  boron  can  be  represented  by  the  equation 
Qi^ai  t  ll‘/aB  —  16C  +  ll‘/3  BFj -j-  3350  kcal 
Among  the  fluorocarbons,  however,  the  greatest  interest  is  at¬ 
tracted  by  high-molecular-weight  compounds  that  can  serve  as  binders 
simultaneously.  Teflon  ( x  is  such  a  polymer;  it  is  produced  on 
polymerization  of  gaseous  tetrafluoroethylene  monomer,  Teflon 

is  extremely  resistant  to  attack  by  various  reagents,  including  con¬ 
centrated  nitric  acid.  It  has  a  high  density,  excellent  mechanical 
properties,  is  heat-resistant,  and  undergoes  no  changes  during  long 
periods  at  250°.  Teflon  bears  the  technical  name  "Fluoroplast-4"  and 


has  the  following  properties: 

Specific  gravity  .  2. 1-2. 3 

Melting  point  .  3270 

Vitrification  point  .  -120° 

Heat  of  formation  of  (C2F4)x  .  x-174  kcal 

Ultimate  tensile  strength  .  140-200  kgf/cm2 

Molecular  weight  .  250,000 


TABLE  161 


"Fluoroplast-4"  can  be  prepared 


Characterization  of  Propellant  in  the  form  of  a  fine  powder  or  in 
Mixtures  of  Fluorides  with 

Boron  and  Magnesium  [12,13,16]  the  form  of  films;  various  products 


T)~ i 

P.KCMilTpmi.lC'l.ls: 
Ton^nuiinn  cmccu 

■  tension  po- 

TC/IMinCTIt, 

kko.i/kc 

Vac.imiuA 
UMnyji  be 

(/»//»•*  50L 

CCK-3] 

SjFm  v  B 

1670 

220 

BrSliFs  +  B 

1400 

iso 

ChF,)  +  B 

2160 

■150 

ChF,i«  -j-  Mg 

1740 

— 

(C*F.),-rB 

1850 

1 

150 

l)  Propellant  mixture;  2)  heat¬ 
ing  value,  kcal/kg:  3]  specific 
impulse  (p/p  =  50),  sec. 


are  manufactured  from  it  [14], 

Table  l6l  presents  the  character¬ 
istics  of  fuel  mixtures  based  on  fluo¬ 
rine  derivatives  of  hydrocarbons  and 
fluorides . 

Thus,  known  solid  fluorine  oxi¬ 
dizers  have  no  advantages  over  oxygen- 


containing  oxidizers. 
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Completely  fluorinated  polyamines  containing  the  NFg  grouping 
may  be  of  some  interest  among  the  organic  fluorine  derivatives. 

The  literature  contains  references  [12,  16]  to  perfluorinated 
nitrogen- containing  compounds  such  as 


CF,»CF— CF-NFj;  FSC 


CFa 


)c  =  CF-NFt; 


FaC 


F 


)C  =  N-F. 
F 


However,  the  content  of  >NF  and  -NFg  groups  in  them  is  too  small 
to  make  them  effective  oxidants. 

3.  DESCRIPTION  OF  COMBUSTIBLES  AND  BINDERS  FOR  SOLID  FUELS 

Prime  interest  will  attach  to  those  combustibles  during  combus¬ 
tion  of  which  the  largest  quantities  of  heat  are  evolved.  These  in¬ 
clude  beryllium,  boron,  magnesium,  aluminum,  and  the  hydrocarbons. 

The  heating  value,  heating  yield,  and  gas  production  ~T  a  number  of 
combustibles  with  oxygen  and  ammonium  perchlorate  as  oxidizers  are 

listed  in  Table  162. 

Of  all  the  known  combustibles,  only  seven  or  eight  produce  pro¬ 
pellant  mixtures  with  ammonium  perchlorate  having  heating  yields  above 

1000  kcal/kg.  All  others  have  lower  heating  yields. 

As  regards  both  heating  value  and  heating  yield,  all  of  them  are 
considerably  inferior  to  propellant  mixtures  with  hydrocarbons  and  for 
this  reason  are  of  no  interest  as  rocket-propellant  combustibles.  The 
heating  yield  of  fuels  with  magnesium  and  beryllium  is  considerably 
higher  than  that  of  the  others  listed  in  Table  162  as  a  result  of  the 
fact  that  magnesium  and  beryllium  oxides  do  not  vaporize.  However, 
heating  yield  is  not  alone  sufficient  to  produce  high  specific  impulses. 
Thus,  the  theoretical  impulse  for  the  NH4C104  -  Mg  system  (2440  kcal/kg) 
is  lower  than  that  for  NH4C104  -CnH2n  (1280  kcal/kg),  since  in  the 
former  case  the  gas  formation  is  less  than  half  that  in  the  latter 
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case. 


TABLE  162 

Heating  Value  and  Heating  Yield  of  a  Number  of  Combusti¬ 
bles  with  Oxygen  and  Ammonium  Perchlorate  as  Oxidizers  [15]. 


1) 

T  3) 

Tcii.ioniopiian 

TciwqppoM3nn,’(iirc.ii.iiocru, 
H  )  kkua/kc 

Toptoice 

OK  II  C/I  A 

CflOCoClIfKTb, 

MMCAllTCJIb 

OfcRCAUrfilb 

Xnepx/iopar 

/  aMwou mi 

7)l3ojopoA . 

11:0 

28000 

3215 

1570 

8  n'r.-icpoA . 

CO; 

7  810 

21/i0 

non 

9  nepiUAiiu . 

IlcO 

10  200 

5800* 

3100* 

10)  1*>P . 

.  Bc;0, 

13  950 

3300 

15C0 

11  Jlimifl . 

LisO 

10  300 

37C0 

070 

22  AJiiOMiimm . 

.  AI.O, 

7  290 

2C80 

1200 

23'  Marimfl . 

•  MsO 

f.000 

3030* 

MW* 

24'  KpcMitiifi . 

SiOj 

7100 

2000 

1040 

25'  yrJicDOAopoau  .  .  . 

10  300 

2270 

1280 

*For  all  other  combustibles,  the  heating  yield  is  given 
with  correction  for  the  heat  expended  on  vaporization 
or  the  oxides,  with  the  exception  of  magnesium  and  beryl¬ 
lium,  whose  oxides  do  not  vaporize. 

1)  Combustible;  2)  formula  of  oxide;  3)  heating  value, 
kcal/kg;  4)  heating  yield,  kcal/kg;  5)  oxygen  as  oxidizer; 
6)  ammonium  perchlorate  as  oxidizer:  7)  hydrogen:  8) 
carbon;  9)  beryllium;  10)  boron;  111  lithium;  12)  alumi¬ 
num;  13)  magnesium;  14)  silicon;  15)  hydrocarbons. 


Fig.  2l8.  Insertion  of  solid- 
propellant  charge  by  pouring 
after  preparation  in  mixer. 


The  basic  combustibles  in  solid 
rocket  propellants  are  organic  mate¬ 
rials  in  the  form  of  high-molecular 
compounds  -  synthetic  resins  and  rub¬ 
bers  -  which  simultaneously  perform 
the  functions  of  binders  holding  the 
oxidizer  particles  together  and  pro¬ 
duce  a  large  gaseous  phase  on  com¬ 
bustion. 

The  following  are  most  widely 
used:  polyurethane  resins,  epoxy  re¬ 
sins,  polysulfide  rubbers,  natural 
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and  synthetic  rubbers,  various  nitro  polymers,  polyester  resins,  and 
nitrocellulose. 

When  the  appropriate  resins  are  mixed  in  the  molten  or  liquid 
state  with  oxidants,  the  result  is  a  doughlike  mass  that  can  be 
poured  into  the  engine  chamber  (Pig,  218).  On  cooling  and  appro¬ 
priate  processing,  these  compounds  solidify,  but  retain  their  low 
thermoplasticity  and  will  not  crack  on  sharp  changes  in  temperature. 

The  USA  has  developed  mobile  units  for  mixing  the  components  of 
solid  propellants  (oxidizer  and  polymers)  and  fueling  the  rocket  on 
the  launching  pad.  This  installation  can  produce  2000-2500  kg  of 
propellant  per  hour  [ 16a ] . 

All  of  the  necessary  physicomechanical  properties  can  be  secured 
in  a  charge  by  using  high-molecular  materials  as  combustibles  (Table 
163). 

Let  us  consider  specific  types  of  resins  and  rubbers. 

Polyurethane  resins  and  rubbers.  The  chains  of  these  polymers 
may,  for  example,  contain  the  following  groups: 

0  Oo 

i!  .  !l  II 

-0-0  —  Nil— (CH:)„-NH-C— 0-(CHs)4— O-C— NH— (CHs)«  —  Nil — 

Polyurethane  resins  and  rubbers  are  distinguished  by  high  flexi¬ 
bility  and  strength;  this  is  partly  the  result  of  the  presence  of 
>NH  and  0=C<  groups,  between  which  hydrogen  bonds  form:  >N-H...0=c<. 
this  intensifies  the  interaction  between  the  polymer  chains. 

The  initial  monomers  used  for  the  preparation  of  polyurethanes 
area  diisocyanate  and  a  dibasic  alcohol  (glycol)  or  polyesters  having 
terminal  hydroxyl  groups. 

The  compounds  most  widely  used  to  produce  the  polyurethanes  are 
hexamethylenedi isocyanate  0=N=C-(CH2)6~C=N=0,  2,4-toluenediisocyanate 
CH3C6H3(NC0)2,  butanediol- 1 , 4  HO— (CHg)^— OH,  the  diethylene  glycol 
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TABLE  163 

Structure  of  Certain  Binders  for  Solid  Propellants  [14,  17] 
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1  2)  J 
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-CHi-Ci  I  =CH— CHi— CH— CHi- 
I 

CcH$ 

—  C:H4—  0  —  C:H«—  S  —  S  — 


1 

1 

1 


S  S  j* 
— 0— CO— Nil— (CM»)i— NH— CO 

i  L-0-C,Ht-0-C.H*— 0— CiH*— 0  . 


(CilhOs  (ONO;)j]a. 
r  011 

-6-"- 

-NH  -  CO  — NHCH»— ], 

CH, 

I 

— CHa  —  C— 

COOR 

CH, 

I 

—  CHj  — C  — 

COOCH, 

j-—  OOC  COOC-H.  -  J 


1W00 

10200 

5000 

7250 


1)  Name;  2)  empirical  formula;  3)  structure  of  polymer  chain;  4)  heat 
ing  value,  kcal/kg;  5)  natural  rubber;  6)  synthetic  rubber  (buta¬ 
diene  +  styrene);  7)  polysulfide  rubber;  8)  polyurethane  rubbers; 

9)  asphalts;  10)  nitrocellulose;  11)  phenol- formaldehyde  resins; 

12)  urea  resins;  13)  polyacrylic  resins;  14)  polyester  resins. 


ester  of  adipic  acid  HOC2H4OOC(CH2)4COOC2H4OH,  and  the  polyglycols 
[ 17a] .  All  of  these  compounds  are  produced  from  readily  available  raw 


materials. 

The  resin  is  prepared  by  mixing  the  diol  with  the  diisocyanate. 
The  reaction  begins  at  room  temperature,  and  then  the  temperature  is 
raised  to  90-95°  and  held  there  for  a  certain  time,  after  which  it  is 
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further  increased  to  190-200°  to  bring  the  process  to  completion. 
During  the  first  phases,  the  diisocyanate  is  in  a  viscous  state  and 
can  be  mixed  with  the  oxidizer,  with  subsequent  solidification  by  an 
excess  of  the  diisocyanate. 

The  formation  of  polyurethane  resins  is  an  example  of  stepwise 
polymerization  in  which  no  water  or  other  splitting  product  is  formed. 
The  reaction  takes  place  as  follows: 

HO(CH,),OH  +  0  =  C  =  N  -  (CM;).  —  N  =  C  =  0  - 

0  0  0 

il  I!  I’ 

-  HO  —  (CM;).*  —  0  — C— Nil  -  (CHj),  —  Nil  —  C— 0(CI !•)»— 0— C—  NH— 


The  molecular  weight  of  the  products  increases  with  increasing  tem¬ 
perature  and  reaches  10, 000- 15 ,000. 

Polyurethanes  possess  considerable  resistance  to  oxygen  and 
oxidizing  agents.  The  elastic  properties  of  polyurethanes  are  re¬ 
tained  at  low  temperatures;  the  resins  possess  high  adhesion  to  various 
materials  and  particles  of  mineral  salts  that  are  oxidizers.  Poly¬ 
ester  urethanes  retain  their  flexibility,  and  this  ensures  good  anti- 
frost  properties  in  the  compositions. 

Epoxy  resins.  Epoxy  resins  possess  high  adhesion  and  excellent 
elastic  properties;  while  originally  viscous  and  fluid,  they  are  capa¬ 
ble  of  subsequent  solidification. 

The  resins  are  produced  by  condensation  of  epichlorohydrin  with 

bis-phenols: 


0 

2CHj  —  CHj  —  CH;a  -r  HO  — 


CH, 

\_C— /“VOH- 


CH, 


Ni0,l~*  CH,-CH,-CHl-0 


—  N»Cl.-li,0 


The  resulting  ether  is  again  reacted  with  diphenylpropane,  with 
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the  resultant  formation  of  a  polymer  chain  having  the  following 
structure: 

CM,  OH 

CH,  -  CH  -  CH,  -  0  C  —  <Q>- 0  —  CH,  -  CH  -  CH, — j 

N0  CH, 

The  molecular  weight  of  the  polymers  runs  from  1000  to  4500. 

The  melting  point  of  a  resin  having  a  molecular  weight  of  1500-2000 
is  about  45-55°;  in  the  molten  state,  the  resin  can  again  be  mixed 
with  oxidizer  particles. 

The  resins  are  viscous  or  low-visccsity  brittle  masses,  very 
sticky  in  molten  form  or  in  solution,  with  high  adhesion  to  most 
materials;  they  contain  functional  epoxy  groups  with  which  a  number 
of  substances  enter  into  reactions;  this  results  in  increases  in  their 
molecular  weights.  Such  substances  are  polyamines,  acid  anhydrides, 
and  others;  solidification  of  the  epoxy  compositions  takes  place  as 
a  result  of  reactions  with  them.  The  solidification  reaction  is  con¬ 
ducted  at  normal  temperatures  and  high  speed  with  addition  of  a 
"solidifier."  The  solidified  resin  acquires  the  structure  of  a  high- 
molecular  polymer  with  a  three-dimensional  network;  its  softening 
temperature  is  100-150°. 

An  adhesive  epoxy  film  on  the  surfaces  of  the  oxidizer  particles 
delivers  higher  binding  strength  than  does  any  other  resin.  Epoxy 
resins  have  specific  gravities  from  1.2  to  1.3,  ultimate  tensile 
strengths  of  570-700  kgf/cm2,  and  thermal  stability  to  100-120°;  they 
are  also  used  to  produce  glass-filled  plastics  that  are  used  in  the 
manufacture  of  the  rocket-engine  casings;  with  their  relatively  low 
density  (1.7-1. 8),  such  glass-filled  plastics  have  tensile  strengths 
from  3000  to  4000  kgf/cm  and  are  superior  to  aluminum  in  this  respect. 

Polyester  resins.  Polyester  resins  may  also  be  used  in  solid 
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propellants.  They  are  produced  by  polycondensation  reaction  between 
dibasic  acids  or  their  anhydrides  and  bi-  or  trifunctional  alcohols. 
The  following  acids  or  anhydrides  are  used: 


phthalic  acid 


isophthalic  acid 


maleic  anhydride 


CH-CO 
II  \0 

6i-co 


The  following  polybasic  alcohols  are  used: 


Ethylene  glycol  . C2H^(0H)2 

Glycerine  . C^OHk 


The  polycondensation  is  based  on  an  esterification  or  reesterifi¬ 
cation  reaction  and  takes  place  with  the  mixture  components  heated  to 
15O-1800  and  higher.  The  result  is  formation  of  polyester  chains: 

0  0  on  0  0  OH 

a  !!  I  :!  II  | 

_()_C— — --C-0-  CH;-CH—  CH;-0— C — —  —  C  -  0  -  CIU  -  CH  -  CH; 

w  w 


which  are  then  "knitted  together"  by  an  excess  of  acid  at  the  hydroxyl 
groups.  Then  the  resin  solidifies  due  to  the  formation  of  a  three- 
dimensional  structure.  In  the  intermediate  phase,  the  resin  has  a 
preferentially  linear  structure.  Further  hardening  takes  place  on  heat¬ 
ing  to  l60- 200°. 

Maleic  anhydride  is  used  with  ethylene  glycol  or  diethylene  glycol 
to  produce  unsaturated  polyesters.  Formation  of  the  unsaturated  poly¬ 
ester  takes  place  at  170-220°.  The  unsaturated  polyester  is  then  co¬ 
polymerized  with  the  appropriate  monomers,  such  as  styrene,  etc.  The 
molecular  weights  of  the  unsaturated  polyesters  lie  in  the  range  from 
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2500  to  5000. 

The  unsaturated  polyesters  are  extensively  used  to  produce 
glass-filled  plastics  from  which  the  combustion  chambers  of  the 
rocket  engines  are  manufactured. 

Rubbers .  Propellants  based  on  ammonium  nitrate  and  various  forms 
of  rubber  have  been  developed  in  the  USA  by  the  firm  "Thiokol." 

The  rubbers  used  are  natural,  synthetic,  polysulfide,  and  polyurethane 
types.  The  widespread  use  of  rubbers  in  rocket  propellants  is  the 
result  of  their  excellent  physlcomechanical  properties  and  high 
strengths: 

Tensile  strength,  Elongation,  # 


p 

kgf/cm 

600-700 

Natural  rubber 

300-320 

Butadiene- styrene  rubber 

250-280 

— 

Polysulfide  rubber 

100-120 

300-600 

Polyurethane  rubber 

350-400 

— 

Polysulfide  rubbers  have  come  into  extensive  use  as  binders  and 
combustibles  in  solid  propellants;  they  are  produced  by  polyconden¬ 
sation  of  dihalogenated  alkyls  with  polysulfides  of  alkali  metals. 
The  initial  materials  used  are  as  follows: 


1) 

2) 


i 


AiixJtopmn . OCjH|CI 

Aux.K>p,niyriuK>Duii  *j>up  . .  .  .GCH2CH,OCH,CH,CI 

HiicyJiuj»na  narpim . Na:Sj 

Terpacyjiu|>;iA  HSTpiin . NfljS, 


l)Dichloroethane;  2)  dichlorodiethyl  ether; 

3)  sodium  disulfide;  4)  sodium  tetrasulfide. 

The  polycondensation  reaction  takes  place  according  to  the 

equation 

*Na,S,  +  jtC1C,H,CI-I-  CH,  -  CH,  -  S*-  S  -1,+fcNaCl 

U  II 


Polysulfide  rubbers  are  known  by  the  name  "thiokols"  and  are 
subjected  to  vulcanization  with  metal  oxides  (zinc  oxide)  and  oxidiz¬ 
ing  agents.  All  of  the  rubbers  are  used  in  considerable  excess  in  the 
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propellant  composition  in  order  to  obtain  high  strength.  However,  an 
excess  of  rubber  or  resin  in  the  composition  causes  a  sharp  deteriora¬ 
tion  of  the  oxygen  balance  and  lowers  the  heating  yield. 

The  heating  yield  of  the  propellant  varies  as  follows  as  a  func¬ 
tion  of  ammonium-perchlorate  and  resin  contents: 

Content  of  rubber  or  resin,  #  30  25  20  15  10 

Oxidizer  content,  #  70  75  80  85  90 

Heating  yield,  kcal/kg  698  864  1010  1050  1260 

A  fuel  containing  20-25#  of  rubber  has  a  large  combustible  excess 
and  a  lowered  heating  value. 

With  the  object  of  improving  oxygen  balance  while  retaining  the 
necessary  binding  properties,  the  American  firm  Aerojet  General,  which 
is  developing  solid  propellants,  has  produced  binders  based  on  nitro 
polymers  injection  of  20-25#  of  which  maintains  an  oxy-^n  balance 
close  to  zero  with  retention  of  the  necessary  plastic  properties  in 
the  charge. 

Nitrocellulose  [CgHy02(0N02)3]x  can  be  used  as  the  nitro  polymer.* 
However,  it  has  the  disadvantage  of  lacking  thermoplastic  properties. 

Nitropoly urethane  has  been  mentioned  as  a  binder  that  contains 
active  oxygen;  it  is  added  to  the  oxidizer  in  quantities  of  65  to 

70#  [15]. 

Apart  from  the  polymers,  nitro  derivatives  -  nitrocellulose, 
dinitrotoluene,  and  trinitrotoluene,  combustion  of  which  requires 
smaller  quantities  of  oxygen  -  are  added  to  certain  compositions. 

Thus,  the  following  proportions  between  ammonium  perchlorate  and  tri¬ 
nitrotoluene  correspond  to  the  stoichiometric  composition  at  zero  oxygen 
balance:  NH^CIO^  -  58.5#;  C6H2(N02)3CH3  -  31-5#. 

The  heating  yield  of  such  a  propellant  mixture  attains  1260  kcal/kg, 
i.e.,  the  heating  yield  of  the  stoichiometric  perchlorate-rubber  mix- 
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ture  with  its  content  of  only  7-8#  of  rubber. 
4.  SOLID- PROPELLANT  COMPOSITIONS 


Solid  rocket  propellants  in  practical  use  incorporate  ammonium 
perchlorate  and  ammonium  nitrate  as  oxidizers  and  binding  rubbers  and 
resins  as  combustibles.  Moreover,  various  additives  of  metals,  com¬ 
bustion  catalysts,  and  the  like  are  added  in  many  cases.  Development 
of  solid-propellant  recipes  has  been  under  way  in  the  USA  for  about 
ten  years,  from  1947  to  1957.  The  result  of  these  studies  has  been 
the  creation  of  commercial  samples  of  propellants  delivering  specific 
impulses  from  175  to  240  sec  at  a  pressure  drop  of  40  atm.  It  was  ex¬ 
pected  that  fuels  with  specific  impulses  as  high  as  260  sec  would  be 
created  by  i960  [1].  Certain  authors  are  of  the  opinion  that  creation 
of  solid  propellants  with  specific  impulses  as  high  as  300  sec  is 
theoretically  possible  [ 18 ] . 

Propellant  recipes  are  developed  on  the  basis  of  energy  require¬ 
ments  and  technological  fueling  possibilities.  The  latter  are,  in  turn, 
determined  to  a  major  degree  by  the  energy  characteristics  of  the  pro¬ 
pellant,  since  it  is  necessary  to  introduce  a  large  excess  of  binder 
Qnsure  strength  and  the  possibility  of  casting  the  compound.  To 
evaluate  the  limiting  energy  possibilities  of  a  fuel,  it  is  convenient 
to  examine  binary  propellant  mixtures  of  stoichiometric  composition. 

A  preliminary  rough  calculation  is  made  from  the  familiar  formulas, 
without  taking  dissociation  of  the  combustion  products  and  heat  losses 
into  account: 

a 

P  =  9,33  \r\Tl  (1) 


P  = 


~7~ 


where  P  is  the  specific  Impulse  in  sec;  H  is  the  heating  yield  of 
1  kg  of  fuel  in  kcal;  V  is  the  specific  volume  of  the  combustion 
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products  in  liters/kg,  Cp  is  the  heat  capacity  of  the  combustion 
products  at  the  temperature  of  the  process,  and  Tjt  is  the  thermal 
efficiency  of  the  process,  which  is  found  by  the  formula 


(v  is  the  nozzle-section  pressure,  p  is  the  combustion-chamber  pres- 

o  - 

sure  and  k  is  the  adiabatic  exponent,  i.e.,  the  ratio  Cp/Cv) . 

The  thermal  efficiency  depends  on  the  composition  of  the  combus¬ 
tion  products,  since  it  has  different  values  for  monatonic,  biatomic, 
and  trl atomic  gases,  as  well  as  on  the  pressure  drop  in  the  chamber 
and  at  the  nozzle  section. 

The  thermal  efficiency  characterizes  the  fraction  of  thermal 
energy  converted  into  work  when  the  propellant  burns.  In  cases  where 
the  combustion  products  are  polyatomic,  less  favorable  conditions  are 
created  for  conversion  of  the  propellant's  heat  energy  into  work. 

When  the  composition  of  the  combustion  products  is  complex,  the 
thermal  efficiency  is  computed  additively  as  a  function  of  the  mole 
fractions  of  the  individual  components: 

n,=v*i+v</  +  ii;,-.z, 

where  x,  y,  and  z  are  the  mole  fractions  of  the  individual  components 
(  x  +  y  +  z  =  l),  and  t)£,  tjJ,  and  tj£"  are  the  thermal  efficiencies  of 
components  x,  y,  and  z. 

The  heat  capacities  of  the  combustion  products  are  found  by  the 
appropriate  formulas  [10]: 


Substance  Molar  heat  capacity  (C  ) 

0:',  N-,  HCI,  CO.  .  6,5  +  0,0010  T 

i  1:0 .  8,31  +  0,0019  T 

CO. .  7,0  +  0,0071  T 

BeO .  If.  [2000°  C] 

MgO .  16  (2800 — 3000*  CJ 


The  heat  capacities  of  a  number  of  oxides  in  the  solid  state  at 
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TABLE  164 

Heats  of  Formation  of  Oxides,  Fluorides,  and  Chlo¬ 
rides  in  Solid  and  Gaseous  States 


1) 

2)TcMneparyp.i,  “C  5j 

Wcruiora  oCn.nooa* 

•  lltin,  KKQ.lfMOAb 

CocAmieitiic 

3) 

1 

6 

B  THepAOM 

U7 

1  napooS- 

1  njuiucHim  j 

KJtncinm 

cocromnni 

PJ3IIOM 

COCTOMIIMII 

8  )  Okucm 


Li:0 . 

— 

1'tK) 

112,6 

13.6S 

DcO . 

2517 

no<H) 

113,0 

— 

MgO . 

usoo 

.wo 

113,8 

— 

577 

ITiXJ 

305 ,  \ 

21 1,3 

SiO* . 

1 125 

2230 

210 

70,17 

AIiOj . 

2050 

2250 

102.0 

222,7 

CO, . 

— 

— 

9-1,052 

H:0 . 

— 

_ 

— 

57, 70S 

9  )  < Pmopiidbi  u  xAopudu 


LiF . 

S70 

1070 

1 10,3 

S2,7 

BcFi . 

— 

— 

211,  S 

ISO, 8 

MfiF, . 

— 

— 

203,5 

170,5 

BF, . 1 

0)r.->3 

— 

— 

207,0 

SiF« . . 

* 

— 

— 

373,0 

A1F, . 

mo 

— 

355,7 

281,3 

CF«  .......  a 

0)ta3 

— 

— 

218(187) 

HF . 

— 

— 

— 

61,2 

LiCl  ........ 

— 

— 

91,3 

43,8 

HC! . 

— 

— 

— 

21,89 

l)  Compound;  2)  temperature,  °C;  3)  of  melting; 

4)  of  boiling;  5)  heat  of  formation,  kcal/mole; 

6)  in  solid  state;  7)  in  gaseous  state;  8)  oxides; 

9)  fluorides  and  chlorides;  10)  gas. 

1CC0°  have  the  following  values  according  to  handbook  data  [10]: 

AlgO^  .  0.31  kcal/g ’degree 

MgO  .  0.32  kcal/g ‘degree 

Si02  .  0.284  kcal/g ‘degree 

The  heating  yield  (H)  is  found  as  the  difference  between  the  heats  of 
formation  of  the  reaction  products  and  the  heat  of  formation  of  the 
initial  compounds,  divided  by  the  over- all  molecular  weight  of  the 
initial  mixture.  The  heating  yield  is  found  on  the  basis  of  the  con¬ 
dition  that  the  reaction  products  be  cooled  to  20°  and  the  water  re¬ 
main  in  the  gaseous  state. 

If  the  products  of  combustion  of  solid  propellants  contain  metal 
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and  nonmetal  oxides  that  are  liquid  or  solid  under  ordinary  conditions, 
the  heating  yield  is  figured  taking  into  account  the  heat  expended  on 
vaporization  and  melting  of  the  oxides;  i.e.,  the  heat  of  formation  of 
the  oxides  in  the  gaseous  state  is  taken  for  the  calculation.  Here  it 
is  necessary  to  take  the  most  nearly  correct  value  for  the  heat  of 
formation  of  the  oxide  in  the  gaseous  and  solid  states.  Thus,  the  data 
given  for  boron  anhydride  indicate  a  heat  of  formation  from  279  to 
305  kcal/mole  and  a  heat  of  sublimation  from  65.6  to  77.6  kcal/mole. 
Depending  on  the  value  taken  for  the  heat  of  formation,  the  specific- 
impulse  value  may  vary  by  15  to  20  units  [19].  This  scattering  in  the 
heat- of- format  ion  values  is  related  to  the  difficulty  of  determining 
these  values  for  many  oxides . 

TABLE  165 

Theoretical  Characteristics  of  Propellant  Mixture  with 
Ammonium  Perchlorate,  Beryllium,  and  Lithium  for  p/Pq  ~ 

=  68,  according  to  Blackman,  1961  [18a] 


OH  HCJNITC/JU. 

a* 

1)  " 

Csajyioiucc, 
2)  % 

j  be  pH. i:s  11  A, 

0 

3)  ' 

.ImtiiiI, 

|<0  " 

VUc.11.11uA 

UMnym.c. 

5)  CCK- 

T«  .-p.iTyp.i 
roptniiH. 

6)  *K 

70 

10 

20 

_ 

2  so 

woo 

70 

10 

ii 

u 

288 

woo 

70 

10 

10 

10 

285 

8200 

70 

10 

0 

K 

275 

7,000 

70 

10 

— 

20 

200 

u 

0 

0 

1)  Oxidizer,  2)  binder,  fo)  3)  beryllium,  4)  lithium, 

5)  specific  impulse,  sec;  6)  combustion  temperature,  °K. 

Table  164  lists  values  selected  for  the  heats  of  formation  of 
oxides  from  recent  literature  data. 

Calculations  of  specific  impulse  without  taking  dissociation  of 
the  combustion  products  into  account  are  inaccurate  (errors  of  the 
order  of  ±2%),  but  are  sufficient  for  preliminary  evaluation  of  the 
energy  properties  of  propellants. 

The  comparatively  small  difference  between  the  two  methods  of 

-  605  - 


I 


calculation  results  from  the  fact  that  although  the  heating  yield  is 
lowered  on  dissociation  of  the  combustion  products,  the  thermal  ef¬ 


ficiency  is  raised  simultaneously,  and  this  stabilizes  the  product 
t)  -H  in  the  formula  P  =  9*33 /nt  *H  to  a  certain  degree. 

Let  us  examine  the  calculated  characteristics  of  the  binary  pro¬ 


pellant  mixtures  listed  in  Tables  165  and  166.  As  regards  their  ef¬ 


ficiency,  solid  oxidizers  used  in  propellant  mixtures  with  organic 


combustibles  (polyethylene)  array 


NH^CIO^  +  CnH2n* • • • 
LiC104  +  CnH2n . 

+  CnH2n . 

K0104  +  °nH2n . 

KNO,  +  CH„_ . 


themselves  in  the 

following  series: 

Heating  yield. 

Specific  impulse 

kcal/kg 

(p/P0  =  50),  sec 

1260 

232 

1300 

234 

955 

197 

bo  5 

180 

450 

120 

Oxidizers  of  the  first  four  compositions  are  of  greater  interest 
as  solid-propellant  oxidants. 

The  introduction  of  boron  and  aluminum  into  solid  propellants  will 
raise  the  specific  impulse,  since  the  specific  impulse  of  the  aluminum/ 
ammonium  perchlorate  composition  is  somewhat  higher  than  that  of  the 
ammonium  perchlorate/resin  propellant,  while  the  specific  impulse  of 
the  ammonium  perchlorate/boron  system  is  considerably  higher. 

Combustion  of  solid  propellants  containing  metallic  combustibles 
may  proceed  in  either  of  two  directions:  toward  formation  of  the  metal 
oxide  and  water  (1)  or,  when  an  excess  of  metal  is  present,  toward 
formation  of  the  metal  oxide  and  hydrogen  as  a  result  of  reduction  of 
the  metal  by  the  water  vapor  (2): 

NH4CIO4  +  J.66AI  -  HC1  -f  i'/oHoO  -i-  0.S35A1A  +  V.N,  ( 1) 

NH1CIO4  +  2.66A1  ->  1 .5  H.  -f  HC1  +  1 .33A1 A  -j-  V,  N*.  ( 2 ) 

We  present  the  characteristics  of  these  processes: 
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TABLE  166 

Calculated  Characteristics  of  Solid  Propellant  Mixtures  as  Compared 
with  Liquid  Propellants  for  p/pQ  =  50 


2) 

Toimkoiiuc  cuccit 


NI  UNOi  -  94.5%  I 
C„H:(1-5.5%  } 

NIUClOi  —  90,9%  I 
CflU;(t-9,l%  / 
NI  UCIO«  -  «;8.5% 
Calls  (NO;)a  CHa  -31,5% 

|(TpilHIITpOTO^yO^) 

KCIO»  -  88%  1 
C(|H:b-I2%  f 
LiC10«  -  85%  4 

C„H:n->5%  | 

NH4NOa-60%  | 

Al  -  '10%  I 

NH«CIO«  —  61,8%  1 
A I  -  38,2%  I 
NII4OO4  —  S0%  1 
B  -  20%  j 

L1CIO4  —  55.6%  1 
Al  -  4-1.4%  J 
NH4CIO4  -  78%  1 
B,oI!i4  -  22%  ) 

M  UNOa  -  52%  1 
Mg  -  48%  J 
NH4CIO4— 7I%1 
Mg— 29%  J 
KNOa  -  89,2%  I 
CaHln-10,8%  | 


hoc  ri* 

- 

Tm.imipo* 

TC.IMIOCTb, 

KM.t/Ki 

—rr 

TrpMH-ic- 
CKIltl  K.It.A- 
(*1/  ) 

—w 

VAtAunuli 

HMfty/U-C, 

CCK. 

TTT 

y.V/ii.iinc 

MII-IIMIC, 

a/kj 

ie  mon.uicHuc  cmccu 

935 

0,472 

198 

070 

1,77 

1200 

0,480 

232 

S10 

— 

1200 

0,49 

232 

— 

— 

S05 

0,48 

ISO 

530 

1.92 

1300 

0,4S 

234 

C50 

2,02 

1070 

0,52 

203 

— 

2,19 

1250 

0,534 

242 

514 

2,00 

1500 

0,48 

254 

6C0 

2,51 

1560 

0,40 

232 

- 

1,70 

1330 

0,51 

2G0 

— 

- 

2300 

0.5S2 

218 

440 

2440 

— 

200 

314 

1 

450* 

0,428 

120 

530 

)KudKuc  mon.wca 


HNOa  4 

239 

c„hm  J 

1,35 

1450 

0,45 

C(N02)4  4 

1,47 

1700 

0.4GS 

262 

c„hm  / 

Os  4 

c„h2,(  ) 

1,02 

2270 

0,428 

290 

ll)  Cmccu  xudxux  u  mncpdux  km 


(  KOMHOHCHIIIOO 


17 

C  (NO;),  -  82,3%  1 

B  —  17,7%  J 

2190 

0,42 

283 

18 

C  (NOa)«  -  64,5%  1 

A!  -  35,5  J 

1,91 

1800 

0,42 

256 

19 

C  (NOj)«  -80,5%  1 

BioHu  -  19,5%  J 

1,44 

2150 

0,48 

300 

20 

B  -31,5%  1 

Oj  —  68,5%  ) 

— 

31S0 

0,248 

264 

21 

Al  -  54,3%  1 

Os  -  45.7%  } 

2200 

0,248 

220 

*0r  770  kcal/kg  for  KgO  in  the  solid  state.  [Key  on  next  page] 
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[Key  to  Table  1 66]:  1)  No.;  2)  propellant  mixture:  3}  density;  4) 
heating  yield,  kcal/kg;  5)  thermal  efficiency  (ru);  6)  specific 
impulse,  sec;  7)  specific  gas  production,  liters/kg;  8)  solid 
propellant  mixtures;  9)  trinitrotoluene;  10)  liquid  propellants; 

11)  mixtures  of  liquid  and  solid  components. 

Heating  yield,  Specific  gas  pro-  Specific  impulse 

kcal/kg  duction,  liters/kg  (p/pQ  =  50),  sec 

(1)  1320  460  220 

(2)  1250  510  242 

Thus,  when  metallic  combustibles  are  used  in  compounds  with  solid 
oxidizers,  it  is  better  to  have  the  process  go  toward  formation  of  the 
metal  oxide  and  hydrogen  than  toward  formation  of  water  and  the  metal 
oxide. 

It  is  interesting  to  note  that  the  introduction  of  metals  into  a 
propellant  mixture  where  the  oxidizer  is  liquid  oxygen  does  not  rr i .? Q 
but  lowers  the  specific  impulse.  In  contrast  to  this,  aluminum  and 
boron  additives  raise  the- specific  impulse  on  injection  into  composi¬ 
tions  with  ammonium  perchlorate. 

This  will  be  seen  from  the  following  examples: 


Combustible 

Specific 

(p/p0  = 

impulse 
50),  sec 

NH^CIO^ 

°2 

Rubber 

232 

290 

Aluminum 

242 

222 

Boron 

254 

264 

Combustion  of  propellants  containing  liquid  oxygen,  aluminum, 

and  boron  results  in  formation  of  a  small  gaseous  phase,  so  that  the 

effectiveness  of  such  fuels  is  lower  than  that  of  fuels  based  on  hydro¬ 
carbons  and  oxygen  in  spite  of  their  high  heating  yield. 

The  gaseous  phase  for  the  ammonium  perchlorate/aluminum  propel¬ 
lant  with  its  high  heating  yield  is  comparatively  large,  so  that  the 
propellant  develops  a  higher  specific  impulse  than  the  ammonium  per¬ 
chlorate/rubber  propellant. 
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In  the  opinion  of  Crook  [l8],  a  specific  impulse  of  the  order 
of  230  sec  corresponds  to  the  stoichiometric  composition  of  the 
ammonium  perchlorate/rubber  or  polyurethane  propellant.  The  addi¬ 
tion  of  aluminum  in  dust  or  powder  form  in  quantities  up  to  20# 
increases  the  impulse  by  7#  for  any  composition.  By  combining  a 
nilro  binder  and  an  aluminum  additive  with  ammonium  perchlorate,  we 
may  raise  the  specific  impulse  to  250  sec,  or  to  240  sec  by  combining 
them  with  polyurethane  resin,  aluminum,  and  perchlorate. 

Let  us  attempt  to  evaluate  the  limiting  specif ic- impulse  value 
for  metallic-combustible  propellants.  To  produce  a  high  specific 
impulse,  it  is  necessary  to  have  high  heating  yields  and  a  large 
specific  volume  of  the  working  fluid.  Hydrogen  in  the  combustion 
products  Increases  the  gas  yield  considerably. 

Let  us  consider  the  systems  Mg  +  l/2  Og  +  nIL,;  Be  +  l/2  Og  +  nllg 
and  2A1  +  1-1/2  Og  +  nHg,  the  theoretical  characteristics  of  which 
are  presented  in  Table  167. 

The  limiting  specif ic- impulse  value  in  the  case  of  metallic  com¬ 
bustibles  runs  to  350-420  sec  if  the  oxidizer  is  oxygen  and  the  work¬ 
ing  fluid  is  hydrogen.  In  practice,  this  value  is  considerably  lower 
for  known  oxidizers  because  of  the  heat  expended  on  decomposition  of 
the  oxidizer  and  the  somewhat  less  than  optimum  proportions  between 
the  oxygen  and  hydrogen. 

Naturally,  the  metal-hydrogen-oxygen  system  may  be  regarded  only 
from  theoretical  standpoints,  since  it  is  not  feasible  in  practice. 

The  specific  impulse  is  about  280  sec  for  hypothetical  systems 
such  as  solidified  liquid  oxidants  with  hydrocarbons  and  metals, 
e.g.,  boron  with  tetranitromethane.  However,  the  use  of  liquid 
oxidants  in  solid  propellants  would  require  some  method  of  solidify¬ 
ing  them.  The  specific  impulse  that  can  be  obtained  with  the  use  of 
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TABLE  167 

Calculated  Characteristics  of  Hypothetical  Propellant  Mixtures  Based 
on  Metals,  Hydrogen,  and  Oxygen 


u\ _ _ _ £>\ 

1 )  Tcn.ionpo- 1 
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Co«M»  Ycjlblioctb. 
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5J 

Tfviirtu- 
ty(M  ropt 
NUB,  *  C 

w  / 

V,ir.n.iiuA 
iiunyuK 
(/Vu.-*  M>), 

CM, 

/.  Tohauohuc  cucmcMu  c  ,\u::hucm 

Mr  +  Va  0- . • . 

3f.:.o 

0 

0.3 

— 

0 

.Mr  +  ViOjT  21!,  .  ■ . 

3300 

105i) 

0,74 

4500 

310 

Mr  +  V,  0,  +  3H, . 

31.')0 

1450 

0,93 

3100 

320 

Mg  -i-  Vs  Os  +  4  Hi . 

3020 

1870 

1.11 

2700 

340 

Mg  +  V*  Os  +  5Hi . 

2000 

2250 

1,25 

2300 

325 

Mg  +  V*  0,  +  V:  Ni . 

2GS0 

205 

0,325 

— 

185 

Mg  +  «/s  0,  +  Ns . 

21  '.0 

330 

0,33 

0500 

208 

Mg  +  Vi  Oi  +  2M, . 

1520 

460 

0,33 

4700 

210 

Mg  +  */i  Oi  +  4Ni . 

050 

590 

0,345 

2750 

142 

II.  Ton.tuanute  cucmcMu  c  o.idmuhum 

AI  +  l«/»0i+5H* . 

3600 

1000 

— 

4900 

315 

A1  +  l‘/sOs+  lOHs . 

3300 

1850 

— 

— 

338 

Al  +  l,/tOs+  I5H-  .- . 

3050 

2570 

2700 

310 

AI  +  1  V»  0,  +  20Hi  . 

2830 

3200 

1710  ! 

330 

III.  Ton.iuaitue  cucinc.m  c  m/iu.iaucm 

Le  */s  Oj  .  .  . . j 

3S00 

1  0 

0,3 

— 

0 

Be  +  Vs  Oi  +  I  I: . ! 

5400 

1  830 

0,05 

8300 

373 

Be  +  Va  0:  +  2H; . ■ 

5000 

|  1540 

0,95 

5250 

405 

Be  +  Vs  0:  -f-  3H« . 1 

4750 

2150 

1,2 

3900 

415 

Be  +  7j  Oj  +  4H:  .  .  .  . . 

4400 

2700 

1.44 

3050 

408 

Be  +  */i  Oi  +  5Hj . 

4150 

3200 

1,64 

2500 

403 

Rp  4-  «/.  n,  j-  fiH, . 

3900 

3G00 

1.82 

2150 

395 

IV.  CucnttMU  c  aodopodoit ,  Kuc.wpoooM  u  (j.mopoM 

Hi  +  Fi . 

3190  1 

1120  | 

— 

—  ] 

i  395 

Hi  +  V:  Oi . 

1 

3215 

1230 

— 

— 

|  355 

1)  Composition;  2)  heating  yield,  kcal/kg;  3)  specific  volume,  liters/ 
/kg;  4)  heat  capacity  (C  ) ,  kcal/kg -degree;  5)  combustion  temperature, 

°C;  6)  specific  impulse  (p/pQ  =  50),  sec;  I)  Propellant  systems  with 

magnesium;  II)  propellant  systems  with  aluminum;  III)  propellant  sys¬ 
tems  with  beryllium;  IV)  systems  with  hydrogen,  oxygen,  and  fluorine. 

solid  propellants  depends  on  the  combust ion- chamber  pressure  and  the 
nozzle-section  pressure.  Pressures  from  35  to  70  atm  are  most  fre¬ 
quently  used  in  solid-propellant  engines.  With  the  engine  operating 
in  space,*  at  pQ  =  0,  the  thermal  efficiency  will  not  reach  its  maxi¬ 
mum  value,  i.e.,  unity,  as  might  be  expected  in  accordance  with  the 
formula 


A—  1 

v  r  1 
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because  outflow  from  the  nozzle  is  not  ideal.  Plow  breakaway  takes 
place  at  some  value  of  Pq,  which  does  not  reach  pQ  =  0. 


TABLE  167a  TABLE  168 


Variation  of  Calculated 
Specific  Impulse  of  Am¬ 
monium  Perchlorate/ 
Polyethylene  Propellant 
Mixture 


~rr~ 

ycjiotma 

y;K  a  lhu  A  itMnyjuc  npitp} 
AJO/K'HHlI  0  KJMCPC,  cck.  / 

pjfioru 

ABitrarcji* 

40  am 

SO  am 

I  ”3} 

y  3CM4K  .  . 

223 

232 

240 

B  nycTorc  . 

2G3 

272 

282 

1)  Operating  conditions 
of  engine;  2)  specific 
impulse,  sec;  3)  atmos¬ 
pheres;  4)  at  surface; 
5)  in  space. 


Characteristics  of  Solid  Propellants  Based  on 
Ammonium  Perchlorate  and  Resin  as  Functions 
of  Oxidizer  Content  [6] 


1) 

nCMJIlTC/IM 

-"27 

CoAcp»aimc  OHHCAHrcaa 

?0% 

7i% 

BOV, 

• 

*s% 

00% 

3  tendon  poii  3D0fliueji  bHOCTb . 

.  .  KKtiJl/lU  . . 

698 

864 

1010 

1050 

1260 

4 )  riflOTiiocTb  npii  20“ . 

1,60 

1,64 

1,70 

1,76 

1.77 

5 )  yflCJibiiufi  nwny/ibc  npii 

70,3  am,  era: . 

a)  y  noncpxitocTH  scmaii 

1 80 

192 

204 

215 

230 

6)  b  nycTOTo  . 

211 

226 

1 

239 

251 

272 

1)  Property;  2)  oxidizer  content;  3)  heat¬ 
ing  yield,  kcal/kg;  4)  density  at  20°; 

5)  specific  impulse  at  70.3  atm,  sec:  a) 
at  the  surface;  b)  in  space. 


With  the  engine  operating  in  space,  however,  tut  specific  impulse 
Increases  by  approximately  15$.  This  can  be  seen  from  the  data  listed 
in  Table  167a. 

We  have  considered  possible  recipes  for  solid  propellants  at  the 
stoichiometric  composition,  without  taking  fueling  and  operational 
possibilities  into  account. 

In  practice,  solid-propellant  recipes  differ  from  the  stoichio- 
molrlc  compositions,  at  which  the  maximum  evolution  of  energy  could 
be  obtained.  This  is  a  result  of  the  fact  that  the  combustibles  and 
binders  must,  for  a  number  of  technical  reasons,  be  used  in  quantities 
larger  than  are  necessary  for  complete  combustion.  The  literature  data 
giving  recipes  for  mixed  solid  propellants  are  extremely  incomplete; 
nor  is  detailed  information  available  on  the  production  processes  used 
for  them.  Apparently,  not  all  of  the  characteristics  of  the  recipes 
given  in  the  literature  are  sufficiently  trustworthy.  Table  168  shows 
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heating  yields  and  specific  impulse  as  functions  of  the  contents  of 
ammonium  perchlorate  and  resin  in  the  fuel.  Table  169  gives  certain 
known  solid-propellant  recipes. 


TABLE  169 

Characterization  of  Certain  Casting  Solid-Propellant 
Compositions  [6,  20,  21] 


1) 

Cotran  ron/iuiu 


ricpx.iopaT  .immohiih  —  75% 
fIo/inypcTaii  —  25% 
ncpx.iopaT  .immohiih 
IloaiiCyTafliicii 
AKpiiAQoas  cuo/ia 
AaioMUHHonad  nyapa 
HiiTpaT  aMMomin  —  80%  * 
CiiHTCTitMCC Ktiii  kayiyn— 10%  o  \ 

Cawa  —  7-9%  °  / 

A06.IOKH  — 1—3% 

Ilcpx^opaT  Kaarni  —  76.5? 

CiiTyw  —  23.5% 

HcpxflopaT  aMMomin  —  7*1%  jq\ 
noaiicy^i.([)iiaiiufi  KaywyK  —26%  ' 
Ilcpx^opaT  aMMOiuifl  —  65—70% 
HHTponoaiiypcTaii  —  25—30% 
/Uiomhhhh  —  5—10%  J 


9)1 


^rr 

n.ioS 

|  iiMny^i^,  ecu. 

hoc  Ti» 
npn 
20* 

|4)  y  jcMjiii 

5) 

b  nycroic 

1.S4 

12) 

226  (35  am) 

266 

1,87 

230-238  (40am) 

250-280 

- 

185  (70  am) 

216 

1.77 

186(140  am) 

— 

1,70 

— 

— 

1 

250(50  am) 

2C3  (68  am) 

— 

^Molded  compound. 

1)  Compositon  of  propellant;  2)  density  at  20°;  3)  specific 
impulse,  sec;  4)  at  surface;  5)  in  space;  6)  75$  ammonium 
perchlorate  and  25$  polyurethane;  7)  ammonium  perchlorate, 
polybutadiene,  acrylic  resin  and  aluminum  dust;  8)  80$ 
ammonium  nitrate,*  10$  synthetic  rubber,  7  to  9$  carbon 
black  and  1  to  3$  of  additives:  9)  76.5$  potassium  per¬ 
chlorate  and  23.5$  asphalt;  10)  74$  ammonium  perchlorate 
and  26$  polysulfide  rubber;  11)  65  to  70$  ammonium  per¬ 
chlorate,  25  to  30$  nitropolyurethane  and  5  to  10$ 
aluminum;  12)  atmospheres. 

As  a  comparison  example,  we  cite  the  composition  of  a  typical 
rocket  powder:  50.0$  nitrocellulose;  4l.0$  nitroglycerine  and  9.0$ 
ethylcentrollte;  its  heating  yield  is  965  kcal/kg  and  its  specific 
impulse  is  220  sec.  A  Pb^O^  additive  is  sometimes  used  to  improve  the 
combustion  characteristics  [ l8b ] . 

A  polyurethane  propellant  is  used  in  the  "Polaris"  intermediate- 
range  ballistic  missile.  The  specific  impulse  may  be  increased  by 
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Uolng  polymers  containing  nitre  groups  instead  of  ordinary  resins  and 
rubbers,  since  then  a  value  of  a  close  to  the  optimal  is  reached  if 
an  adequate  quantity  of  binder  is  supplied.*  Another  way  to  raise 
the  specific  impulse  (by  10-20  units)  is  the  introduction  of  a  certain 
quantity  of  substances  such  as  aluminum  and  boron.  Thus,  the  addition 
of  15-20$  of  aluminum  dust  to  almost  any  conposition  increases  the 
specific  impulse  by  14-16  units. 

Solid  mixed  propellants  are  characterized  by  relatively  low  com¬ 
bustion  temperatures  as  compared  with  the  propellants  used  in  liquid 
reaction-thrust  engines  (Table  170). 

The  relatively  low  combustion  temperature  makes  it  possible  to 
use  an  uncooled  nozzle  for  the  engine  if  it  is  made  from  special  heat- 
recistant  alloys  and  ceramics.  At  the  same  time,  the  introduction  of 
additives  that  raise  the  heating  yield  and,  consequently,  the  com¬ 
bustion  temperature,  requires  development  of  more  highly  refractory 
nozzles.  It  is  indicated  in  the  literature  that  beryllium,  boron, 
magnesium,  and  lithium  additives  are  Introduced  Into  solid  propellants 
raise  their  efficiency  [21].  Among  the  substances  noted  above, 

'  ron  has  attracted  special  attention,  and  attempts  have  been  made 
to  use  it  in  elementary  form  and  in  the  form  of  its  hydrogen  compounds, 
as  well  as  in  high-molecular-weight  compounds  that  might  serve  simul¬ 
taneously  as  binders  for  oxidants  [23]. 

A  number  of  difficulties  confront  the  use  of  boron.  This  results 
from  the  fact  that  elementary  boron  burns  poorly,  while  its  compounds 
with  hydrogen,  such  as  decaborane,  are  chemically  unstable  in  mix¬ 
tures  with  oxidizers.  Hence  it  is  desirable  to  introduce  boron  in  the 
form  of  its  more  or  less  stable  compounds. 

The  use  of  boron  in  high-molecular-weight  compounds  used  as 
binders  may  give  a  rise  of  the  order  of  ten  units  in  the  specific 


TABLE  170 

Recipes  and  Combustion  Temperatures  for  Solid- 
Propellant  Compositions  [21,  22] 


1)W 

x  /  n.  fi 

2)  Pcucnrypi 

n.lOTIIOCTW 

-r“£n- 

TcHficp.v 

rypj  ropa' 
Him,  *  C 

1 

NII«C10«-63% 

5)  no.lirJ.'|uip  —  35% 

1,62 

1000 

6) 

NH4C1O4  -  65*); 

noAiicyjibtJm.uiiOKCiuiioH  csio^a  —  35% 

1,63 

1750 

3 

7) 

Nrl«C!0«  -  73% 

noJiticyjik(j)iu3noKciuiia)i  cmwu  —  25% 

1,70 

2550 

\ 

NI  UCIOi  -  75% 

8)Cmo.iu  —  25% 

— 

2200 

5 

9) 

NH«C10«  -  52,5% 

KC!04  -  17,5% 

riojiMcy^!b<Jjj!A3noKc»aiian  cwo.na  —  30% 

2350 

KC10«  -  76.5% 

10)  BiiTyM  —  23,5% 

1,77 

2000 

1)  No.;  2)  recipe;  3)  density  at  20°;  4)  com¬ 
bustion  temperature,  °C;  5)  polyester;  6)  poly¬ 
sulfide  epoxy  resin;  7)  polysulfide  epoxy  resin; 
8)  resins;  9)  polysulfide  epoxy  resin;  10)  as¬ 
phalt. 


Impulse,  and  this  is  of  definite  interest.  Thus,  for  example,  a  three- 
unit  increase  in  specific  impulse  (above  310  sec  in  space)  results  in 
a  470- km  Increase  in  range  for  a  ballistic  rocket  designed  for  a 
range  of  11,000  kilometers  [6], 


5.  SPECIAL  POINTS  IN  APPLICATION  OF  BORON  AND  METALS  IN  SOLID  PRO¬ 
PELLANTS 

Boron  compounds.  The  Introduction  of  elementary  boron,  metals 
or  hydroborons,  which  do  not  possess  plastic  properties,  into  a  solid- 
propellant  composition  may  result  in  an  excessively  large  drop  in  the 
mechanical  strength  of  the  charge,  while  the  use  of  hydroborons  in 
solid  propellants  in  the  form  of  a  simple  mechanical  mixture  is  limited 
by  their  sensitivity  to  oxygen  and  moisture.  In  view  of  this,  it  is 
desirable  to  have  more  stable  boron- con raining  polymers.  These  may  be 
of  several  types  [24]. 

1)  Inorganic  polymers  produced  by  pyrolysis  of  lower  hydroborons . 
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Thus,  decaborane  can  be  polymerized  to  higher  hydrides. 

The  terminal  hydrogen  atoms  react  first,  forming  compounds  of  the 
type  (B  an(*  then  polymers  of  the  composition  (B1oHi2^x  and 

On  heating,  solid  diborane  diammoniate  HgBfNH^JgBH^  may  undergo 
transformation  into  a  more  complex  high-molecular  substance  with  poly¬ 
mer  chains  [24]: 

BH.-NH,...  BH,  —  NHj . . . 

There  is  a  possibility  of  polycondensation  between  hydroborons 
and  hydrazines;  thus,  a  high-molecular  substance  of  the  following 
type  is  formed  from  decaborane  and  hydrazine: 

*B„Hm  +  *NsH4rn.(-  NH  -  NH  -  B10H„  -), 

2)  Organic  polymeric  compounds  are  produced  by  various  methods: 

A.  Cyclotrimethylboroctane  [25]  is  formed  when  trimethylborane 
(CH,)oB  is  heated  in  an  autoclave  at  400-600°: 

j  j 

Clij 

/  \ 

CH,-B  B-CH, 

l,  I 

GIB  GIB 

i  I 

CH,~B  B  —  CM, 

\  / 

CH. 


an  are  high-molecular  polymers  of  the  composition 


—  B  — CH2  — CHS  - 

-  B  -• 

| 

-  CH, 

CH,. 

fend 


CH,  —  CH2 

/  \ 

■  Cl  B  —  Cl  B  -  B  B 

‘  \  / 

CH,  -  CH, 


Alkyl  boranes  of  the  types  BgH^-R  and  B-^H-^-R  split  off  hydrogen 
on  heating  to  form  resin-like  products.  Hydroborons  combine  readily 
at  their  double  and  triple  bonds,  and  it  is  upon  this  that  the  prep¬ 
aration  cf  their  alkyl  derivatives  is  based. 
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in  an  analogous  manner,  addition  of  deoaborane  to  high-molecular 
weight  compounts  containing  double  bonds  Is  also  possible;  e.g.,  on 
addition  to  butadiene  rubber: 

I—  CH,— CH=CH— CHj  —  li+A'Bjo  H14  — { —  CH.  —  CH2  —  CH,  —  CH2  —  | , 

BioHjj 

B.  Hydroborons  form  compounds  with  primary  and  secondary  amines 
and  diamines,  as  well  as  with  hydrazine  derivatives,  which  can  be 

transformed  Into  high-molecular  compounds  under  certain  conditions, 
with  hydrogen  split  off.  For  example  [24]: 

B’Hc  +  HjNC.1 14NH2  BHj- H.\  —  C2H4  —  - 

-  f-  BH, .  .  .  NHj  -  C2I  !4.\H  -  BH2 . . .], 

Dlmethylamine  forms  a  resinous  polymer  of  the  following  composl- 
tion  with  diborane: 

f(CH3)2.\BH2],. 

Deoaborane  reacts  with  nitriles  to  form  addition  products  of  the 
composition 


B10HU*2RC\'. 

A  similar  compound  may  be  produced  with  polyacrylonitrile: 


--CHj-CH— - ,  +B10Hm 
CN 

r-CH, -CH- 

i  , 

C  —  N.-.  .B10H„. .  J, 


c.  Resinous  polymers  of  the  type  [R^BH^,  containing  phos¬ 
phorous  in  addition  to  boron,  have  been  synthesized. 

Thus,  a  polymer  of  the  composition 


[(CH3)3PBH2]r, 


forms  on  heating  of  the  borine 
properties . 


complex;  it  possesses  thermoplastic 


Pentaborane 


and  trialky lphosphine  (R^p  form  resins  that  are 
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stable  to  moisture  and  oxygen  and  retain  their  properties  on  heating 
to  500°;  they  have  molecular  weights  of  the  order  of  12,500  [26,  27, 
28], 

Silicon-organic  compounds  of  the  following  type  have  been  re¬ 
ported: 

RB  [CHjSi  (R):OS(OR)3),. 

In  the  USA  in  1957>  the  cost  of  one  ton  of  alkyl  boranes  (ethyl 
pentaborane  and  ethyl  decaborane)  was  $30,000,  while  in  1959- i960  it 
had  been  reduced  to  1450-2200  dollars;  the  cost  of  a  conventional 
solid  propellant  is  about  $10,000  [29]. 

Combustion  processes  of  metals.  Burning  metals  used  as  compo¬ 
nents  in  solid  propellants  is  a  more  complex  problem  than  setting  up 
combustion  of  organic  compounds.  It  may  be  assumed  that  the  combus¬ 
tion  of  metals  used  in  solid  rocket  propellants  take;  place  by  a  dif¬ 
fusion  mechanism.  The  temperature  of  the  flame  surrounding  the  metal 
particle  is  higher  than  the  equilibrium  adiabatic  combustion  tempera¬ 
ture  of  the  propellant  in  question.  It  appears  that  equilibrium  inter¬ 
venes  after  condensation  of  the  metal  oxide  in  subsequent  stages  of 
combustion  in  the  engine  chamber. 

Complex  compounds  containing  metals  may  be  completely  oxidized 
or,  on  the  other  hand,  they  may  decompose  into  the  metal  and  other 
products.  Combustion  of  the  metal  particles  formed  during  this  process 
takes  place  by  the  diffusion  mechanism.  It  appears  that  combustion  of 
most  alkyl  compounds  of  metals  takes  place  by  this  mechanism.  The  tem¬ 
peratures  that  can  be  attained  on  combustion  of  metals  are  limited  by 
the  vaporization  temperature  of  the  metal's  oxides,  irrespective  of 
whether  the  oxide  decomposes  on  vaporization  or  not.  If  the  combustion 
products  of  metals  diffuse  into  cooler  zones,  they  condense.  The  vapori¬ 
zation  or  condensation  temperature  varies  as  a  function  of  pressure, 
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and  for  those  compounds  that  decompose  the  attainable  combustion  tem¬ 
perature  will  also  depend  on  the  dissociation  temperature.  Thus,  the 
combustion  temperature  stabilizes  as  a  result  of  an  equilibrium  vapori¬ 
zation  and  dissociation  process: 

Mex°y  (liquid)  n  x  Me  (gas)  +  y  0  (gas) 

K  =  (Me)x0y[p/2m]x+y, 

here,  Me  is  the  metal,  2m  is  the  total  number  of  moles  of  gas,  and 
p  is  the  pressure. 

Diffusive  combustion  of  metallic  combustibles  can  be  described 
by  means  of  the  diagram  shown  in  Fig.  219- 

The  heat  propagates  from  the  flame  front  toward  the  surface  of 
the  particle.  The  combustible  vaporizes  or  sublimates  and  diffuses 
from  the  particle  surface  toward  the  flamefront.  Oxygen  diffuses  to¬ 
ward  the  particle  surface. 

A  more  complex  theory  that  takes  kinetics  into  account  for  a 
finite  reaction  rate  and  does  not  adopt  an  ignition  range  would  not 
significantly  change  the  basic  pattern  and,  in  actuality,  would  predict 
the  same  combustion  rate  as  the  simplified  theory. 

Another  departure  peculiar  to  diffusive  combustion  of  a  metal 
is  the  formation  of  condensed  oxides,  which  does  not  occur  in  com¬ 
bustion  of  organic  substances. 

For  all  alkaline  earths,  the  oxide  molecules  of  the  metals  are 
volatile  substances,  with  the  exception  of  beryllium  oxide  BeO,  which 
decomposes  into  the  elements  on  evaporation. 

The  oxidizer  and  combustible  begin  to  react  before  the  oxygen 
concentration  required  for  stoichiometric  composition  has  been  reached, 
so  that  the  majority  of  metals  react  in  a  reducing  medium. 

Boron  oxides  form  on  combustion  of  boron  in  a  flame.  At  high 
temperature,  boron  oxides  undergo  complex  transformation,  including 
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Fig.  219.  Diagram  of  combustion  of  metallic 
particle;  l)  Combustion  products;  2)  oxide; 

3)  metal  vapor;  4)  combustion  process:  5) 
liquid  oxide;  6)  liquid  metal  drop;  7)  main 
reaction  zone;  8)  increasing  time;  9)  igni¬ 
tion;  10)  increase  in  temperature;  11)  fusion; 

12)  liquid  metal  drop;  13)  oxide;  14)  metal 
particle . 

dissociation,  reduction,  and  oxidation: 

2B  3-  IV0O0  -  DA;  BA  BA  -!•  0 
BA  «-  2 BO  2 DO  0  ->  BA 

The  dissociation  of  into  BgOg  and  BO  below  a  temperature  of 
2500°K  does  not  exceed  5 %• 

The  possibility  of  dissociation  of  A12C>3  with  formation  of  A10 
and  AlgO  at  the  flame  temperature  has  been  demonstrated  in  the  com¬ 
bustion  of  aluminum;  AlgO  is  a  product  of  combustion  of  aluminum  in 
a  reducing  atmosphere,  while  A10  is  a  product  formed  in  an  oxidizing 
atmosphere.  It  has  been  shown  by  thermodynamic  calculations  that  the 
decomposition  of  AlgO^  is  quite  considerable  near  the  boiling  point. 
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In  the  presence  of  CO  and  it  begins  to  show  considerable 

dissociation  at  a  temperature  of  about  3000°. 

The  heat  of  formation  of  A120  (gas)  is  +34  kcal/mole,  and  that 
of  A10  is  +63  kcal/mole. 

The  boiling  point  of  the  metal  and  the  oxide  formed  may  exert 
an  influence  on  the  metal's  rate  of  combustion.  Thus,  if  the  metal's 
boiling  point  is  higher  than  that  of  the  oxide,  the  oxide  coats  the 
surface  of  the  metal  particle  and  blocks  access  of  oxygen,  and  com¬ 
bustion  is  inhibited  (e.g.,  titanium  and  boron).  If  the  boiling  point 
of  the  oxide  is  higher  than  that  of  the  metal,  the  metal  will  vaporise 
and  its  vapors  will  diffuse  through  the  oxide  to  mix  with  the  oxygen 
and  burn  (aluminum,  magnesium,  beryllium).  In  this  case,  the  flame 
front  will  be  closer  to  the  metal  surface,  and  comoustion  will  pro¬ 
ceed  at  a  higher  rate. 

Below  we  list  the  compositions  of  oxides  that  may  form  as  a  re¬ 
sult  of  adiabatic  combustion  of  metals  and  hydrides  [30]. 


Combustible 

Pentaborane 
Aluminum  A1 
Boron  B 
Magnesium  Mg 
Beryllium  Be 


Products  of  adiabatic 
combustion 

BgO^liq,  gas)  BO,  B,  BH 
AlpO^solid,  liq,  gas),  AlgO,  A10,  A1 
BgO^  (liq,  gas),  BO,  B 
MgO  (solid,  liq) 

BeO  (solid,  liq) 


In  addition,  the  combustion  products  of  the  propellant  may  con¬ 
tain  02,  N2,  NO,  0,  N,  OH,  H20,  CO,  and  COg. 

The  most  important  factor  influencing  the  oxidation  rate  of  boron 
in  combustion  is  the  withdrawal  of  boron  oxide,  which  coats  the  parti¬ 
cles  of  unburned  boron  and  thereby  impedes  further  combustion,  from 
the  reaction  zone.  Depending  on  temperature  in  the  range  up  to  3000°, 
we  observe  several  combustion  mechanisms  for  boron,  as  determined  by 
the  form  of  the  boron  oxide  whether  it  is  in  the  solid,  liquid,  or 
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Pig.  220.  General  pattern  of  combustion  of  ele¬ 
mentary  boron  as  a  function  of  temperature  and 
pressure.  1)  Temperature,  °K;  2)  pressure,  atm; 

3)  region  V  -  evaporation  of  boron;  4)  region  IV  - 
diffusion  of  oxygen  through  oxide  vapor;  5)  liquid 
boron;  6)  solid  boron;  7)  region  III  -  evapora¬ 
tion  and  diffusion  of  oxide  vapors  through  oxygen; 
8)  region  II  -  liquid  oxide;  9)  liquid  oxide; 

10)  solid  oxide;  11)  region  I  —  diffusion  of  oxygen 
through  solid  oxide  film. 


gaseous  state. 

Figure  220  shows  the  various  states  of  boron  oxide  as  a  function 
of  temperature  and  pressure  [31]. 

In  the  first  stage  of  the  reaction,  in  which  solid  boron  oxide 
forms,  oxidation  proceeds  slowly.  The  rate  of  the  reaction  is  limited 
by  the  supply  of  oxygen  through  the  solid  film  to  the  surface  of  the 
boron. 

Liquid  boron  oxide  (723°K)  forms  in  the  second  stage;  under  the 
appropriate  conditions,  it  may  drain  from  the  particle  surfaces.  The 
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thickness  of  the  liquid  oxide  film  varies  over  time  until  equilibrium 
has  been  established  between  the  viscosity  of  the  liquid  and  its  sur¬ 


face  tension.  In  this  region,  the  rate  of  the  process  is  determined  by 


the  elimination  of  boron  oxides  from  the  surfaces  of  the  particles  of 
elementary  boron.  Raising  the  temperature  to  1100°K  results  in  re¬ 


moval  of  the  boron  oxide  film  from  the  reaction  zone  both  by  drainage 


and  by  evaporation. 

TABLE  171 

Combustion  Temperature  of 
Hydrocarbons  with  Various 
Contents  of  Metal  in  Air 


At  a  certain  temperature  (third 
stage),  the  film  thickness  depends 
only  on  evaporation  rate,  and  it  is 


2 

1 )  Topniee 

J  Tfuncparyp 

«  •»  0,1 

*  ropcHHH,  *K 

«-  1,0  ‘ 

)Dktvh . 

2150 

2300 

Oktch  +  40%  Mg  .  .  . 

2350 

2550 

Omen  +  80%  Mg  .  .  . 

2850 

3100 

. 

3100(a^0,6) 

— 

jOktcii  +  40%  Al  .  .  .  . 

— 

3050 

Oktch  +  80%  Al  .  .  .  . 

— 

2700 

WnOMHIIIlft . 

3200 

3350 

jorneH  +  40%  B  .  .  .  . 

2500 

Oktch  +  6.%  B  .  .  .  . 

— 

2G00 

2700 

2800 

)ncHTi6op»H  B|H|  .... 

2500 

2700 

this  factor  that  determines  the  oxi¬ 
dation  rate. 

As  the  temperature  rises,  the 
thickness  of  the  liquid  boron  oxide 
film  diminishes,  and  at  a  certain  tem¬ 
perature  the  oxide  film  vanishes  com¬ 
pletely  from  the  surface  of  the  solid 
boron.  In  fact,  the  oxidation  rate 


l)  Combustible;  2)  combustion 
t-pmoerature,  0^.  3)  octene; 

4)  magnesium;  5)  aluminum; 

6)  boron;  7)  pentaborane. 


of  the  boron  in  the  fourth  stage  de¬ 
pends  on  the  rate  of  diffusion  of 


gaseous  oxygen  through  the  boron  oxide 


vapors.  The  rate  of  diffusion  of  gaseous  oxygen  into  the  reaction  zone 


is  another  process  that  determines  the  oxidation- reaction  rate  in  the 
fourth  region.  If  the  temperature  increases  even  further,  elementary 
boron  vapor  will  appear  in  the  reaction  zone  (fifth  region) .  As  a  re¬ 
sult,  the  fraction  of  elementary  boron  undergoing  oxidation  in  the 
■  vapor  phase  increases  with  increasing  temperature.  A  boron  liquid 
phase  appears  at  2300°K. 


Thus,  a  film  of  boron  oxide  is  formed  on  the  surface  of  the  ele- 
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mentary  boron  during  the  heating  process  when  powdered  boron  is  burned. 
On  further  heating  of  the  particles,  the  boron  oxide  evaporates  to 
leave  the  boron  surface  completely  clean  and  in  contact  with  the  oxygen. 
Obviously,  any  measures  that  help  accelerate  evaporation  of  the  boron 
oxide  should  also  promote  the  combustion  reaction.  Thus,  for  example, 
the  Introduction  of  about  1$  of  water  vapor  into  the  gaseous  oxygen 
nearly  doubles  the  rate  of  combustion  of  elementary  boron  at  a  tempera¬ 
ture  of  2340°K. 

The  theoretical  characteristics  of  exotic  propellants  are  of  in¬ 
terest  from  the  standpoint  of  ascertaining  the  potential  of  propellant 
compositions  that  have  been  suggested  but  not  yet  tested,  as  well  as 
from  the  standpoint  of  a  reference  for  evaluation  of  experimental 
results  [32,  33].  Calculations  were  carried  out  for  the  combustion  of 
metals  and  suspensions  of  metals  in  hydrocarbons  for  an  air  atmosphere. 
Some  of  these  data  are  of  interest  for  comparative  evaluation  of  the 
results  of  combustion  of  hydrocarbon  combustibles  with  various  quan¬ 
tities  of  metal  (Table  171). 

The  combustion  temperature  of  boron  is  500°  higher  than  that  of 
octenc,  while  those  of  aluminum  and  manganese  are  approximately  1000° 
higher  than  that  of  octenc  [30]. 

COMBUSTION  RATE  AND  EXPLOSIVE  PROPERTIES  OF  SOLID  PROPELLANTS 

Explosive  properties.  Mixed  propellants  contain  sufficient  oxi¬ 
dizers  to  make  them  ignite  and  burn  readily.  The  heating  yield  of 
solid  propellants  lies  between  900  and  1300  kcal/kg,  i.e.,  it  may  be 
higher  than  those  of  explosives  such  as  trinitrotoluene  (heat  of 
explosion  1000  kcal/kg) .  Under  certain  conditions,  mixed  solid  propel¬ 
lants  may  show  explosive  properties  manifested  in  combustion  going  over 
into  detonation  or  detonation  occurring  on  impact,  as  in  firing  of 
cartridges,  etc.  It  is  also  Important  to  know  what  factors  may  give 
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rise  to  detonation. 

The  sensitivity  of  3olid-propellant  compositions  to  various 
disturbances  depends  on  a  whole  series  of  factors: 

a)  on  the  nature  of  the  oxidizer  (ammonium  perchlorate  or  am¬ 
monium  nitrate); 

b)  on  the  nature  of  the  combustible  for  a  given  oxidizer; 

c)  on  the  fineness  to  which  the  components  are  divided  and  the 
Intimacy  with  which  they  are  mixed; 

d)  on  the  density  of  the  mixture  (the  density  of  the  cast  or 
pressformed  charge) ; 

e)  on  the  initial  temperature  of  the  charge,  and  so  forth. 

The  sensitivity  of  perchlorate  compositions  -  both  in  powder  form 
and  in  the  form  of  individual  charges  weighing  from  1  to  1050  kg,  ana 
containing  from  57  to  88$  of  perchlorate  [31]  -  to  disturbances  of 
varying  severity  was  investigated;  the  disturbances  Included  shock, 
friction,  the  explosion  of  a  standard  No.  8  detonator  and  a  detonator 
assisted  by  a  5-gram  tetryl  cap.  It  was  established  as  a  result  of 
the  investigations  that  susceptibility  to  a  capsule  detonator  depends 
on  the  volume  ratio  of  combustible  to  oxidizer  in  the  mixture.  The 
higher  the  volume  ratio  for  a  given  weight  ratio,  the  lower  will  the 
sensitivity  be. 

Under  the  operating  conditions  of  solid-propellant  rockets,  poly¬ 
sulfide-perchlorate  propellants  containing  no  more  than  7^$  of  oxi¬ 
dizer  represent  an  explosion  hazard.  Solid  rocket  propellants  based 
on  ammonium  perchlorate  and  polyester  resin  represent  an  explosion 
hazard  under  operational  conditions  if  the  oxidizer  content  dees  not 
exceed  80  or  85$  when  rubber  has  been  taken  as  a  combustible  and 
binder. 

Combustion  rate.  The  combustion  of  solid-propellant  charges  takes 


place  by  parallel  layers .  The  thrust  P  developed  by  the  engine  de¬ 
pends  on  combustion  rate  in  accordance  with  the  formula 

P  -  VpSp, 

where  p  is  the  density  of  the  propellant,  S  is  the  area  of  the  propel¬ 
lant  charge,  p  is  the  specific  impulse  expressed  in  kilograms  per  1  kg 
of  propellant  burned,  in  sec,  and  V  is  the  linear  combustion  rate. 

The  linear  combustion  rate  depends  upon  the  pressure  at  which 
the  process  is  unfolding,  in  accordance  with  the  law 

V  =*  or  V  **  a  + 

where  a, 'b,  and  n  are  constant  characteristics  of  the  propellant  as 
determined  by  experiment  [34]. 


Fig.  221.  General  diagram  of  solid-propellant 
combustion,  l)  Solid  propellant;  2)  subsurface 
zone;  3)  temperature  Tq;  4)  combustion  surface; 

5)  propellant  flame;  6)  nonluminous  zone;  7) 
gasification  zone;  8)  reaction  zone  of  flame; 

9)  luminous  flame. 

Depending  on  the  composition  of  the  propellants  used,  the  com¬ 
bustion  rate  at  a  pressure  of  70  atmospheres  varies  from  2.5  to  12.7 
mm/sec  with  exponents  n  from  0.1  to  0.4  [35]. 

The  combustion  rate  also  depends  on  the  initial  temperature  of 
the  charge  and  its  heating  yield.  The  variation  of  combustion  rate  as 
a  function  of  initial  temperature  is  about  5$  for  each  10°.  The  follow- 
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ing  approximate  relationship  prevails  between  the  heating  yield  H 
and  combustion  rate: 

\gV=  1.47  -f  0,846 -pj 

Combustion  of  a  solid  propellant  is  a  multistage  process  [36]. 

The  following  events  occur  due  to  the  influx  of  heat  from  the  com¬ 
bustion  zone: 

a)  heating  of  the  substance  to  the  temperature  at  which  physical 
and  chemical  changes  begin; 

b)  evaporation  or  foaming  of  the  solid-propellant  components 
due  to  partial  decomposition; 

c)  total  gasification  of  the  propellant  components,  i.e.,  their 
transition  into  the  gaseous  state  due  to  evaporation  or  thermal  de¬ 
composition; 

d)  preignition  reactions  in  advance  of  ignition; 

e)  reactions  in  the  flame,  which  leads  to  formation  of  the  final 
products . 

A  general  diagram  of  the  combustion  processes  appears  in  Fig.  221. 
The  combustion  process  of  solid  propellants  takes  place  in  the  gaseous 
phase,  but  it  is  preceded  by  a  stage  in  which  the  solid  phase  is  gasi¬ 
fied;  this  phase  is  slower  than  either  ignition  or  combustion  of  the 
vapor.  As  a  result,  the  gasification  rate  determines  the  over-all 
combustion  rate  in  much  the  same  way  as  the  evaporation  rate  of  liquid 
combustibles  determines  their  combustion  rate.  As  a  result,  the  com¬ 
bustion  rate  depends  on  the  rate  of  gasification  of  the  propellant 
components  and  the  heat  flow  from  the  flame  zone,  which  will  be  higher 
the  higher  the  heating  yield.  The  combustion  rate  is  determined  by 
the  nature  of  the  oxidants  used.  At  a  given  combustion  temperature, 

•the  combustion  rate  increases  in  the  following  series  as  a  function  of 
the  oxidizer  employed: 
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NH4N0,<NH4CI04<KC104 


and  depends  on  the  decomposition  temperature  of  the  oxidizers. 

Decomposition  of  the  oxidizers  takes  place  at  temperatures  ap¬ 
proximately  as  follows: 

KC10«  ....  500-530* 

NH4CIO4 .  .  300-350* 

NH4NO1  .  .  243—361* 

NiNO,.  .  .  255-370* 

KNO,  .  .  .  286-300* 

On  heating,  decomposition  of  ammonium  nitrate  takes  place  in  ac¬ 
cordance  with  the  equations 

\ 

0.5NO,  -f-  2H,0  +  0,75N| 

NH4NO,' 

N1  +  0,5O,  +  2H,O 

The  activation  energy  of  the  decomposition  process  is  40,500  cal/ 
/mole  [35]. 

The  thermal  decomposition  of  ammonium  perchlorate  takes  place  in 
accordance  with  the  equations 

j  l.5H,0  +  0.5N,  -f  HC1  4-1,250, 

V"* 

nh,cio4 

^  2H,0  +  0.5N,  +  0.5CI,  +  O, 

Potassium  perchlorate  decomposes  into  potassium  chloride  and 

oxygen: 

>  MO" 

KCIO4 — ”  KC1  +  20,. 

The  activation  energy  of  the  decomposition  process  is  60,800 
cal/mole . 

In  preparations  containing  the  most  thermostable  oxidizers,  the 
combustion  rates  are  higher. 

For  compositions  based  on  ammonium  perchlorate,  the  following 
combustion  rates  for  140  atm  are  given  for  comparison  with  nitro¬ 
glycerine  powder: 
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1)  m4C104  -  75*  7.6  Wsec 

Resins  -  2 5$ 

2) Nitrocellulose  -  77$ 

Nitroglycerine  -  22$  8.4  mm/sec 
Ethylcentralite  -  1$ 

The  degree  to  which  the  oxidizer  is  pulzerized  exerts  a  strong 
influence  on  combustion  rate.  Thus,  the  combustion  rate  of  a  composi¬ 
tion  based  on  ammonium  perchlorate  varies  as  follows  as  a  function  of 
perchlorate-particle  size  at  70  atm: 

Oxidizer  particle  Combustion  rate, 

size,  p-  mm/sec 

1-2  40 

35  20 

No  less  important  an  influence  is  exerted  by  combustible  particle 
size  on  combustion  rate,  assuming  that  this  combustible  does  not 
melt,  but  is  mixed  with  the  oxidizer  in  the  powdered  state. 

If  the  propellant  contains  metal  particles,  they  enter  the  vapor 
phase  on  gasification  of  the  propellant;  here,  they  ignite  at  tem¬ 
peratures  higher  than  the  gasification  temperature  and  undergo  com¬ 
bustion.  But  the  ease  of  Ignition  is  determined  by  particle  size, 
since  the  finer  particles  are  heated  to  the  ignition  temperature  more 
rapidly.  The  smallest  spark-discharge  energy  that  will  ignite  a  dust 
cloud  of  the  metal  in  air  is  taken  as  a  quantitative  characteristic 
of  ease  of  ignition. 

Minimum  spark-discharge  energy, 

joules  0.2  0.033  0.025 

Particle  size,  |i  90  76  40 

When  the  particle  size  is  approximately  halved,  the  ignition 
energy  is  reduced  almost  by  a  factor  of  10. 

As  the  carbon-particle  size  is  varied  from  0.1  to  0.001  mm,  the 
combustion  time  drops  by  a  factor  of  approximately  10,000. 

In  addition  to  the  normal  combustion  rate,  the  erosional  com- 
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TABLE  172 

Characteristics  of  Solid  Propellants 


1) 

O0MMM* 

2) 

Teo/uio 

CptXHHl 

puurp 

OKNCJVNTC* 
Jl».  M 

4) 

rtaoTNoerh 
npn  20* 

5) 

Teuncpt' 
ryp«  row- 

DM.  *C 

CptlHNl 
MMCKIT*  . 
XipMUl  ( 
Ml 

npoiyurei 

roptia^ 

A  7 

NH4CIO4  —  65%  \ 

)TI<wiHxJ>iip  —  35%  I 

24—30 

1,62 

1600 

21 

5 

8 

NH4CIO4  -  65%  1 

)n<WIHCy/IWpHJ  4-  WOK* 
CH|H3I  CMOJII  —35%  J 

24-30 

1,63 

1750 

22 

c 

9 

NH4CIO4  -  75%  | 

JloJiMcyafc<|mj»+  mok- 

/  CHflMJ*  CMOJII—  25%  j 

24-30 

1,70 

25 ao 

25 

p 

10 

11 

NH4CIO4  —  50% 

KCIO4  -  20% 
VkwiHcyjiw)»Mji  —  22.5% 

BnOXCHAHI*  CMOJII  — 

r  7.5% 

24-30 

1,74 

2220 

26 

1)  Designation  of  charge:  2)  propellant;  3)  average  oxi¬ 
dizer-particle  size,  1 1;  4)  density  at  2.0°:  5)  combustion 
temperature.  °C;  6)  average  molecular  weight  of  combustion 
products:  7)  35#  polyester;  8)  35#  of  polysulfide  +  epoxy 
resin;  9)  25#  of  polysulfide  +  epoxy  resin;  10)  22.5# 
polysulfide;  11)  7-5#  epoxy  resin. 


TABLE  173 

Erosional  and  Normal  Combustion  Rates  of  Solid  Propellants 

[37,  38] 


1)  '■ 
Tonjino 

c 

Xip.lKTCpHCTHK*  ftO*.. 

2  )  tokob  ran 

>)  CKOpOCTfc  rOpCHHB 

(jpOJ  MOM  HI  *).**/<“** 

CKOpOCTfc 

ropcHH* 

C  Topua, 
MMfCtK 

CKOpOCTfc, 

3  j MlrtK 

IBBJlCHNCi 

Z|,  j  am 

>»P»Jl  A 

»»PM  C 
-Tj-2560* 

NH4CIO4  —  65% 

9)  nojin*t>Hp  -  35% 

50 

50 

100 

100 

20 

100 

20 

100 

2,9 

7,5 

3,8 

10,3 

3,0 

7.2 
3,9 

10.2 

2,6 

4.7 
2,6 

4.7 

NH4C104  -  75% 

,  ^IlOJlHSdiHp  +  SnOKClIAWI* 
1°;  CMOJII  -  25% 

50 

100 

225 

100 

100 

20 

19,0 

12,0 

6,0 

9,5 

11,9 

6,3 

8,5 

8,5 

5,1 

1)  Propellant;  2)  gas-flow  characteristics;  3)  velocity, 
m/sec;  4)  pressure,  atm;  5)  erosional  rate  of  combustion, 
mm/sec ;  6)  charge  A,  T  =  169O0;  7)  charge  C,  T  =  2550°; 

8)  rate  of  combustion  from  face,  mm/sec;  9)  35#  polyester; 
10)  25#  polyester  +  epoxy  resin. 
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Fig.  222.  Combustion  rate  of 
solid  propellant  as  a  func¬ 
tion  of  conditions,  x)  facial 
combustion  (average  values); 
•)  erosional  combustion,  gas 
velocity  54  m/sec ;  0)  same, 
gas  velocity  113  m/sec;  A) 
same,  velocity  236  m/sec. 
l)  Ovei-all  combustion  rate, 
cm/sec;  2)  pressure,  atm  abs. 


bustion  rates  of  the  solid  propel¬ 
lants  were  studied.  In  erosional 
combustion,  the  propellant  surface 
is  acted  upon  not  only  by  the  heat 
,  flow  from  the  flame  front,  but  also 
by  a  gas  flow  moving  over  the  material's 
surface.  The  case  of  erosional  com¬ 
bustion  occurs  when  solid  propellants 
are  burned  from  a  central  channel. 

The  properties  of  the  propellants 
tested  are  listed  in  Table  172  and 
the  test  results  in  Table  173. 

Thus,  the  combustion  rate  of  a 
solid  propellant  depends  on  the  velo¬ 


city  of  the  gas  flow  moving  over  the  surface  of  the  propellant.  The 
rate  of  erosional  combustion  is  higher  than  that  of  combustion  from 


the  face. 

This  relationship  is  shown  in  Fig.  222. 


The  use  of  solid  propellants  in  ramjet  air-breathing  engines  re¬ 
presents  a  comparatively  new  field  of  application  for  them.  Such  fuels 
contain  a  large  excess  of  combustible  (a  ~  0.2-0.25)  and  a  small  quan¬ 


tity  of  oxidizer  -  about  25$  -  to  support  combustion.  The  propellant 
charge  is  placed  in  the  combustion  chamber  of  a  supersonic  aircraft 
and  burns  in  the  air  stream  during  combustion  of  the  combustible  ex¬ 
cess.  Solid  fuels  for  ramjet  air-breathing  engines  have  the  following 
compositions  and  characteristics: 

Composition  of  Propellant,  $  Characteristics 


Potassium  nitrate 
Copper  sulfate 
Aluminum 


25  Density 
10  Heating  value 
65  Combustion  rate 


1.65 

4450  kcal/kg 
13  mm/sec 
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Potassium  nitrate 

21.5 

Density 

1.25 

Copper  sulfate 

8.5 

Heating  value 

4800  kcal/kg 

Magnesium 

.30 

Combustion  rate 

32  mm/sec 

Aluminum 

25 

Boron 

10 

Sulfur 

5 

Potassium  nitrate 

25 

Density 

1.33 

Copper  sulfate 

10 

Heating  value 

5300  kcal/kg 

Boron 

20 

Aluminum 

45 

Carbon 

45 

Density 

1.45 

Aluminum 

20 

Heating  value 

6600  kcal/kg 

Boron 

5 

Potassium  nitrate 

10 

Nitrocellulose 

20 

Copper  sulfate  Is  added  to  these  compositions  as  a  combustion 
catalyst  to  raise  the  combustion  rate.  The  combustion  rate  of  the 
propellants  at  atmospheric  pressure  is  15-30  mm/sec  [4]. 
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Manu¬ 
script  [Footnotes] 

Page 

No. 

601  *Nitropoly vinyl  alcohol  [-CH2-CH(0N02)-]  and  nitropoly- 

styrene  [17b]  are  recommended  for  these  purposes. 

610  *In  this  case,  we  imply  operation  of  the  engine  at  high 

altitudes  above  100  km,  where  the  density  of  the  atmos¬ 
phere  is  negligibly  small. 

613  *Poiyvinyl  nitrate,  nitropolystyrene  with  nitrotoluene 

additives  and  aluminum  were  recommended  in  i960  as  binders 
with  ammonium  perchlorate  [17b]. 

Manu¬ 
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529  0  (5p  obr  =  obrazovaniye  =  formation 
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Part  Three 


OXIDIZERS  USED  IN  PROPELLANTS 
FOR  LIQUID  REACTION  ENGINES 


INTRODUCTION 

The  oxidizer  of  a  propellant  for  liquid  reaction  engines  is  that 
substance  which  is  used,  in  its  capacity  as  a  propellant  (fuel)  com¬ 
ponent  to  accomplish  the  oxidation  of  the  combustible  in  the  ZhRD 
chamber.  The  properties  of  a  ZhRD  propellant  are  determined  in  great 
measure  by  the  nature  of  the  oxidizer,  since  the  oxidizers  used  may 
differ  markedly  from  one  another  in  terms  of  properties,  whereas  or¬ 
ganic  combustibles  show  no  such  great  divergence  with  respect  to  prop¬ 
erties  [1], 

For  example,  propellants  containing  liquid  oxygen  as  the  oxidizer 
differ  markedly  from  nitric-acid-  and  nitrogen-oxide-based  propellants. 
Liquid  oxygen  has  a  boiling  point  of  -I830.  At  this  temperature  it  is 
extremely  volatile  and  neutral  in  character.  Nitric  acid  is  used  at 
temperatures  that  are  almost  200°  higher.  Nitric  acid  boils  at  +86° 
and  is  a  powerful  acid. 

Concentrated  hydrogen  peroxide  also  differs  markedly  in  terms  of 
properties  from  the  first  two  oxidizers.  One  of  the  characteristic 
properties  of  hydrogen  peroxide  is  its  capacity  to  catalytic  decomposi¬ 
tion  which  takes  place  in  the  presence  of  fast  catalysts  which  result 
in  the  liberation  of  a  substantial  quantity  of  heat. 

We  know  of  oxidizers  which  differ  even  more  markedly  in  terms  of 
properties  from  the  first  three;  for  example,  fluorine  and  the  oxides 
based  on  fluorine  compounds. 

The  divergence  in  oxidizer  properties  has  an  effect  on  the  nature 
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of  the  propellant.  Propellants  based  on  liquid  oxygen,  nitric  acid,  and 
hydrogen  peroxide  differ  substantially  in  terms  of  energy  and  opera¬ 
tional  characteristics,  although  the  combustibles  (included  in  the  com¬ 
position  of  these  propellants)  may  be  of  the  same  type  (petroleum  prod¬ 
ucts)  or  may  be  quite  close  in  terms  of  properties  [9). 

In  connection  with  the  above,  particular  attention  must  be  devoted 
to  propellant  oxidizers  in  the  propellant  system  for  ZhRD. 

Certain  oxidizers  for  reaction  [rocket]  propellants  can  be  di¬ 
vided  into  the  following  groups  [1-3,  19,  20], 

1)  Nitric  acid,  nitric  acid  with  oxides  of  nitrogen,  and  tetra- 
nitromethane.  In  the  USA,  97-99#  nitric  acid  is  used  as  an  oxidizer 
and  identified  by  the  conventional  designation  WFNA  (MPD-579);  the  nit¬ 
ric  acid  containing  15-20#  nitrogen  oxides  is  designated  as  RFNA  (MPjj- 
25508). 

Reference  should  also  be  made  to  a  mixture  of  nitrogen  oxides  em¬ 
ployed  as  oxidizers:  NO-N^O^-N^O^  and  tetranitromethane  C(N02)4  with 

20-30#  n2o4. 

Ammonium  nitrate  NH^NO^  is  used  in  solid  propellants. 

2)  Liquid  oxygen  and  solutions  of  ozone  in  liquid  oxygen.  Liquid 
oxygen  was  the  first  oxidizer  which  found  practical  application  in 
rocket  engineering  and  serves  as  one  of  the  basic  oxidizers  at  the 
present  time.  In  recent  years,  a  great  study  has  been  conducted  in  con¬ 
nection  with  ozone,  as  a  result  of  which  scientists  in  the  USA  have 
come  to  the  conclusion  that  a  20-25#  solution  of  ozone  in  liquid  oxygen 
can  be  employed  as  an  oxidizer  in  rocket  engineering,  in  view  of  its 
greater  efficiency  as  compared  to  that  of  oxygen  alone. 

3)  Liquid  fluorine.  In  recent  years,  this  oxidizer  has  been  used 
by  the  USA  in  rocket  engines.  In  terms  of  efficiency,  liquid  fluorine 
as  an  oxidizer  exhibits  substantially  better  characteristics  than  does 


liquid  oxygen;  however,  the  application  of  this  oxidizer  is  being  de¬ 
layed  by  the  difficulties  encountered  in  storing  it  (liquid  fluorine 
bolls  at  — 188.3°) ,  as  well  as  by  the  difficulties  encountered  in  the 
transportation  of  the  liquid  fluorine,  and  the  operation  of  engines 
using  this  oxidizer. 

4)  Compounds  containing  active  fluorine.  Among  these,  we  should 
devote  some  attention  to  the  oxygen  compounds  of  fluorine  P20,  FNO^, 
the  halides  of  fluorine  CIF^,  BrF^,  and  recently  derived  compounds  of 
fluorine  -  tetrafluorohydrazine  NgF^  and  perchlorylfluoride  FCIO^, 
which  are  already  being  produced  on  an  industrial  scale  in  the  USA. 

Fluorine  compounds,  although  their  heating  yield  is  smaller  than 
that  of  fluorine  in  propellant  mixtures,  they  are  either  liquid  or 
have  a  higher  boiling  point  than  fluorine  and  can  be  used  in  liquid 
form  or  in  the  form  of  solutions  in  other  liquid  oxidizers  at  standard 
temperatures. 

5)  Perchloric  acid  HCIO^  in  the  form  of  its  derivatives.  Per¬ 
chloric  acid  is  a  compound  that  exhibits  limited  stability  but  can  be 
suggested  for  utilization  in  the  form  of  8-12#  solutions  in  nitric 
acid,  where  it  is  found  in  the  form  of  nitronium  perchlorate  NOgClO^. 

Another  compound  -  anhydrous  perchloryl  fluoride,  a  completely 
stable  compound,  is  suggested  as  an  oxidizer  in  the  USA. 

Ammonium  perchlorate  NH^CIO^  is  the  basic  oxidizer  for  solid 
rocket  propellants. 

6)  Concentrated  hydrogen  peroxide  -  80-90#  HgOg.  At  the  present 
time,  this  is  used  primarily  as  an  auxiliary  monocomponent  propellant 
to  actuate  rocket  turbopumps;  we  also  know  of  its  utilization  in 
starter  engines  for  aircraft,  and  there  has  been  some  indication  of 
the  possibility  of  using  hydrogen  peroxide  in  aviation  ZhRD. 

Of  the  above -enumerated  oxidizers,  some  are  being  investigated, 
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and  the  utilization  of  others  is  still  a  matter  of  some  doubt. 

Liquid  oxygen,  nitric  acid,  and  nitrogen  oxides,  as  well  as  con¬ 
centrated  hydrogen  peroxide  have  found  practical  application;  liquid 
fluorine  is  being  tested  on  an  industrial  scale. 

In  the  subsequent  sections,  individual  properties  of  ZhRD  oxidiz¬ 
ers  are  examined. 
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Chapter  1 

NITRIC  ACID,  NITROGEN  OXIDES,  TETRANITROMETHANE 
Generally  98-99$  nitric  acid  is  used  as  the  oxidizer  for  rocket 
propellants;  this  oxidizer,  in  foreign  literature,  is  referred  to  as 
"white  fuming  nitric  acid."  The  nitric  acid  contains  varying  quantities 
of  nitrogen  tetroxide.  It  has  been  proposed  to  use  systems  consisting 
of  nitrogen  oxide  as  oxidizers.  For  example,  there  have  been  reports 
on  tests  of  oxidizers  consisting  of  tetranitrome thane  and  nitrogen 
tetroxide.  The  physicochemical  properties  of  oxidizers  based  on  nitric 
acid,  nitrogen  oxides,  and  tetranitromethane  are  presented  in  Table 
174. 


TABLE  174 

Physicochemical  Properties  of  Oxidizers  Based  on 
Oxygen  Compounds  of  Nitrogen  [1,  2] 


1 

Okmcjiutwiw 

2 

Moji.  nec 

3 

n^lOmOCTb 

4 

T.  im.,  *C 

5 

T.  Him.,  *C 

-^Termor* 
oOp.uona- 
11 11 n , 

kkoa/moa » 

Tendon  poH3oo< 
AKTCJIbllOCrta 

C  TOfiyOflOM, 
kkqaIk i  ■ 

8  A30TII3S  KHCV10T3  .  .  .  . 

63,02 

1,51 (20') 

-  41,6 

86 

41,40 

1470 

9  MeTbipcxoKiiCb  a30Ta 

.  92,02 

1,45(20') 

—  11,20 

21,15 

-  3,08 

1790 

10  riHTHOXIICb  » 

108 

1,03(18') 

-  30 

47 

0,6 

1830 

11  TpCXOKHCb  » 

62 

1,447(2") 

-102 

+  4 

20,0 

— 

12  OKHCb  .  » 

30 

1,27  (w) 

— 104’ 

-151 

-21,5 

■  1610 

13  3aKHCb  »  • 

44 

1,23  («,  -8’) 

-102,4 

-  89,5 

-19,5 

1310 

14  TeTpamapoMeTaH  .  .  . 

196,04 

1,04(20') 

+  13,8 

126,0 

-  8,9 

170“ 

l)  Oxidizer;  2)  molecular  weight;  3)  density;  4) 
melting  point,  °C;  5)  boiling  point,  °C;  6)  heat 
of  formation,  kcal/mole;  7)  heating  yield  with 
toluene,  kcal/kg;  8)  nitric  acid;  9)  nitrogen 
tetroxide;  10)  nitrogen  pentoxide;  11)  nitrogen 
trioxide;  12)  nitrogen  oxide;  13)  nitrous  oxide; 
14)  tetranitromethane. 
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1.  Nitric  Acid 


Nitric  acid  (100$)  is  unstable  and  decomposes  quite  rapidly  at 

room  temperature  in  accordance  with  the  following  equation: 

2HNO,  2  N,0*  +  Hfi 
NA-2N0,  +  i0, 

to  98-99$  nitric  acid,  after  which  the  decomposition  process  is  sharply 
retarded  by  the  water  is  formed  in  the  reaction. 

Since  gaseous  oxygen  is  liberated  in  the  decomposition,  extremely 
high  pressures  may  develop  in  a  closed  volume.  The  magnitude  of  this 
pressure  is  a  function  of  the  volumetric  ratio  between  the  vapor  (V  ) 
and  liquid  (v)  phases.  The  rate  of  decomposition  for  concentrated  nit¬ 
ric  acid  at  76  is  shown  in  Fig.  223.  At  76°  and  a  volume  of  about  11$ 
for  the  vapor  phase,  the  pressure  after  a  period  of  16  hours  may  at¬ 
tain  90  atm  [3]. 


Fig.  223.  Rate  of  decomposition  for 
concentrated  nitric  acid  at  76°  and 
for  various  volumetric  ratios  be¬ 
tween  the  vapor  phase  and  the  volume 
of  the  liquid  phase  (V^:V).  l)  Pres¬ 
sure,  atm;  2)  time,  min. 
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TABLE  175 


Standard  Thermodynamic  Quantities  (298  16°K 
1  atm)  for  Liquid  and  Gaseous  Nitric  Acid  [4] 


and 


1 

Kiicnort 

^  AW 
Mil+Mti* 

3  AZ, 

KOAl/'MOJt 

45 

5 

nrx — 

*»cn, 

KHili'MOit 

6hno,(w) 

7  HNO,(r) 

-41349 

—31994 

-10032 

-17556 

-74,85 

-48,42 

37,19 
63,62  . 

0355 

2503 

1)  Acid;  2)  AH,  cal/g-mole;  3)  AZ,  cal/g-mole:  4) 
^isp*  cal/g-mole;  5)  p  cal/g-mole;  6)  HNCL 
(liquid);  7)  HNO,  (gas).  5 


The  change  in  the  density  of  nitric 
at  20°  is  presented  below  [3]; 


acid  ranging  from  90  to  100$ 


Concentration,  $  Density 

100  1.5129 
99  1.5059 
98  1.5008 
97  1 . 4974 
96  1.4952 


Concentration, 

95 

94 

93 

92 

90 


Density 

1.4932 

1.4912 

1.4892 

1.4873 

1.4826 


The  vapor  tension  of  98$  nitric  acid  at  20  and  40°,  respectively 
is  37  and  116. 5  mm  Hg. 


The  melting  point  of  100$  nitric  acid  is  equal  to-4l.6°;  98$ 
nitric  acid,  -42.3°;  94.9 %  nitric  acid,  -49.7°;  and  90$  nitric  acid, 
-68.5".  The  diagram  of  state  for  the  HNOj-HgO  system  Is  presented  in 
Pig.  224.  The  heat  capacity  of  98$  nitric  acid  is  equal  to  0.475 
kcal/mole -deg.  The  heat  of  formation  of  100$  nitric  acid  is  42.4 
kcal/mole,  and  for  97.5$  nitric  acid  it  is  48.90  kcal/mole. 

K.p.  Mishchenko  and  A.  A.  Ravdel'  [4]  present  the  thermodynamic 
characteristics  for  nitric  acid  (Table  175). 

Nitrogen  tetroxide  dissolves  well  in  nitric  acid.  With  the  solu¬ 
tion  of  N204  in  HN03,  the  solidification  poi8t  is  reduced  for  the  mix- 
oure  whereas  its  specific  weight  is  increased,  and  this  can  be  seen 
from  the  following  data  [5]: 
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Composition  of  Solidification 
solution,  $  point,  °C 


hno3 

N2°4 

100 

_ 

-42 

96.6 

3.4 

-58.5 

85 

15 

-70 

82 

18 

-73 

70 

30 

-58.5 

66 

34 

-48.5 

The  solution  of  nitrogen  tetroxide  in  nitric  acid  makes  it  pos¬ 
sible  to  obtain  an  oxidizer  with  a  low  solidification  point  (below  So'' ) . 


Fig.  224.  Diagram  of  state  for  the  HNO^-H^O 

system,  l)  Temperature,  °C;  2)  content  of 
HNO^ ,  3)  ice  +  liquid;  4)  ice  +  HNO^  x 

x  3H20  (solid);  5)  HNO^HgO  (solid)  + 

+  HNO^-HgO  (solid);  6)  HNO^  (solid)  +  liquid. 


Solutions  of  nitrogen  tetroxide  in  anhydrous  nitric  acid  are 
denser  than  both  the  initial  acid  and  the  nitrogen  oxides  (Table  176). 

This  relationship  is  also  presented  in  Fig.  225. 

The  nitric  acid-nitrogen  tetroxide  system  was  the  subject  of  a 
number  of  investigations  [7,  8], 

The  technical  requirements  for  concentrated  nitric  acid  and  me¬ 
lange  are  presented  in  Table  177* 
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2  Ciitpxamu  NO ,,ttc  % 


Fig.  225.  Density  of  solutions 
of  N20^  in  HNO^  as  a  function 

of  composition,  l)  Density  of 

solution,  g/crn^;  2)  content  of 
NC>2,  io  by  weight. 
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TABLE  177 


Technical  Requirements  with  Respect 
to  Concentrated  Nitric  Acid  and 
Melange  [Mixture] 


2AMTNIR 

KNCAOTI 

5. 

1  nOK*MTeAN 

mm 

tTOpoa 

eepr 

ptCJIANNC 

nepooro 

copra 

6  KoimeHTpaUHR  IJOTHOfl  KHC/10TU 
{% ),  He  MeHec . • . 

98 

96 

89,0 

7  CoAcpmaHHe  okhcjioi  esoia 

0.3 

0,4 

0,4 

Q  (%).  He&viee . 

8  CoACpMIHHC  CepHOfl  KHCJIOTU 

0,1 

0,2 

7,5 

(%),  «e  fonee.' . 

9  CoAcp*iHHC  Tsepaoro  octitiu 

0,05 

0,07 

0,12 

(S),  hc  6o*ee . 

0  CoaepiKiHHc  aoju  (H),  hc  fo«ee 

— 

— 

3,0 

1)  Indicators;  2)  nitric  acid;  3) 
first  kind;  4)  second  kind;  3)  me¬ 
lange  of  first  kind;  6)  nitric-acid 
concentration  ($),  no  less  than;  7) 
nitrogen-oxides  content  ($) ,  no  more 
than;  8)  sulfuric-acid  content  ($6), 
no  more  than;  9)  solid-residue  con¬ 
tent  ($) ,  no  more  than;  10)  water 
content  ($),  no  more  than. 


Nitric  acid  (98$)  with  nitrogen  oxides  have  found  practical  ap¬ 
plication  as  oxidizers.  Melange  was  used  as  an  oxidizer  in  Germany. 

The  corrosion  produced  by  concentrated  nitric  acid  in  the  liquid 
phase  and  in  the  vapor  phase  is  of  great  significance  in  selecting  the 
material  from  which  the  rocket  equipment  is  to  be  fabricated. 

Table  178  presents  data  on  the  corrosion  activity  of  concentrated 
nitric  acid  containing  6.5  and  16$  nitrogen  tetroxide  and  12$  sulfuric 
acid  (melange),  with  respect  to  the  various  types  of  steels  at  tem¬ 
peratures  ranging  from  +10°  to  +27°. 

With  respect  to  conventional  steel,  nitric  acid  exhibits  pronounced 
corrosive  properties. 

Only  chrome-nickel  steels  and  high-silicon  iron  are  stable  with 
respect  to  concentrated  nitric  acid. 

Aluminum  and  steels  of  brands  Khl7,  Kh25,  and  Khl8N9  (in  accord- 
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ance  with  the  classification  system  adopted  in  the  USSR)  are  stable  to 
nitric  acid. 

In  addition  to  corrosion,  a  tremendous  deposit  of  mineral  salts 
is  accumulated  at  the  bottom  of  the  cavity  as  a  result  of  corrosion. 
Initially  soft  and  jelly-like,  this  deposit  eventually  converts  into 
solid  grains. 

Temperature  has  a  significant  effect  on  corrosion.  The  effect  of 
temperature  on  corrosion  is  presented  in  Table  179. 


TABLE  178 

Magnitude  of  Metal  Corrosion  in  Nitric  Acid 
(mm/year)  [9] 


1  '  MiTtpNM 

t 

2  KOMlCUrpllpOnANNA*  A  lor  Mil  4 
XIICAOrj 

6  npMMCMNNt 

e«,S% 

^  N»04. 

t  IG% 

4  N-°* 

*  12% 

^,50. 

7JImTOC  WCflCJO  .  .  .  . 

OCiMfc  SAC-1020  .  . 
9Hcp*»BCK>m«  CTMk 
AISI-304 ...  :  . 

12,7 

0,25 

0,010 

10,1 

0,76 

0,010 

0,025 

0,015 

• 

He  ycTofiiMBo  10 

OTHocirrcJifcHO  ycroflmi-  11 

BS 

Bn<wwe  ycrofiMHBJ  12 

1)  Material;  2)  concentrated  nitric  acid;  3) 
with  6.5#  NgO^;  4)  with  16$  NgO^;  5)  with 

12$  HgSO^;  6)  remarks;  7)  cast  iron;  8)  SAE- 

1020  steel;  9)  AISI-304  stainless  steel;  10) 
not  stable;  ll)  relatively  stable;  12)  com¬ 
pletely  stable. 


TABLE  179 

Effect  of  Temperature*  on  the 
Corrosion  of  Stainless  Steel 
through  the  Action  of  Concen¬ 
trated  Nitric  Acid  with  6.5$ 

Ng04  [9,  10] 


iTixnspa- 
rypj,  -C 

EteflMMHHa  KOp. 
P03HM,  MM/ tod 

I - 

TcMnejtjryp*. 

Be'xHWHi  xop. 
P09KH,  mm! tod 

27 

0,010 

97 

7,620 

54 

0,178 

110 

12,700 

80 

5,080 

120 

30,500 

*The  assignments  were  carried  out  under 
pressure  at  temperatures  above  the  boiling 
point  of  nitric  acid. 

l)  Temperature,  °C;  2)  magnitude  of  corrosion,  mm/year. 


! 


TABLE  180 

Effect  of  Addition  of  Sulfuric 
and  Orthophosphoric  Acids  on  the 
Corrosion  of  SAE-1020  Steel 
tlirough  the  Action  of  Concen¬ 
trated  Nitric  Acid  with  16#  Nit¬ 
rogen  Tetr oxide  [9,  10] 


.1 

CXWPWMM 
.  *•*•■««.  % 

2&OKHXHI  KMpOMK  AJOTIOA  KMCJIOTOl 
<«*/###)  C  XOfelMWM 

11, so. 

H.PO. 

‘  0,0 

0,270 

0,279 

1,0 

0,051 

0,030 

2,0 

0,025 

0,102 

4.0  . 

0,015 

0.7fW 

1)  Content  of  admixture,  #;  2) 
magnitude  of  corrosion  (mm/year) 
with  nitric  acid  and  admixtures. 


The  corrosion  due  to  nitric  acid  can  be  reduced  through  the  addi¬ 
tion  of  sulfuric  (98#)  or  orthophosphoric  acid  (85#)  to  the  nitric 
acid  (Table  180). 

The  sulfuric  acid  reduces  the  corrosion  produced  by  the  nitric 
acid.  The  phosphoric  acid  reduces  corrosion  only  in  the  case  of  admix¬ 
tures  in  a  quantity  up  to  1.0#,  after  which  corrosion  again  Increases. 

Prior  to  1951,  98#  nitric  acid  was  used  in  rocket  engineering  in 
the  USA;  it  was  used  particularly  for  the  anti-aircraft  defense  rocket 
Nike.  In  1952,  nitric  acid  was  replaced  by  a  nitric  acid  containing 
20-25#  nitrogen  oxides.  This  is  associated  with  the  fact  that  the  nit¬ 
ric  acid  decomposes,  liberating  oxygen,  when  stored  in  hermetically 
sealed  rocket  tanks;  in  this  case,  the  oxygen  creates  pressure  of  sev¬ 
eral  tens  of  atmospheres,  leading  to  the  bursting  of  the  membrane  sep¬ 
arating  the  tank  and  the  engine.  Nitric  acid  containing  20-30#  nitro¬ 
gen  oxides  is  stable  in  storage  and  does  not  liberate  oxygen,  and  has 
less  of  a  corrosive  effect  on  the  aluminum  tanks. 

An  investigation  carried  out  by  the  Jet  Propulsion  Laboratory  of 
the  California  Institute  of  Technology  demonstrated  that  the  addition 
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of  a  small  quantity  of  hydrogen  fluoride  (a  fraction  of  a  percent)  to 
nitric  acid  substantially  reduces  the  corrosive  action  against  aluminum 
and  stainless  steel  as  a  result  of  the  formation  of  a  protective  fluo¬ 
ride  film  on  the  surface  of  the  metal. 

Nitric  acid  containing  a  small  quantity  of  water  and  nitrogen  ox¬ 
ides  is  also  recommended  as  a  stable  oxidizer  having  the  following 
composition:  980  nitric  acid,  100  parts  by  weight;  NgO^,  2-4  parts  oy 
weight;  and  HgO,  2-4  parts  by  weight. 

Nitric  acid  is  an  oxidizer  that  is  available  on  a  large  industrial 
scale.  For  example,  the  production  of  nitric  acid  in  the  USA  during 
the  past  10  years  was  as  follows  [11]: 


million  tons 
annually 

1951 .  1.5 

1956  .  2.6 

1957  .  2.8 

i960 . about  4.0 


The  cost  of  nitric  acid  is  comparatively  low  in  comparison  with 
other  oxidizers.  For  example,  according  to  1957  data,  the  cost  in  the 
USA  per  ton  of  oxidizer  was  as  follows: 


Liquid  oxygen . 110  dollars 

Nitric  acid  (980) .  220  dollars 

Nitric  acid  (78*)  24o  dollars 

Nitrogen  oxides  (220) 

Tetranitromethane .  660  dollars 


2.  Nitrogen  Oxides 

In  addition  to  nitric  acid,  nitrogen  tetroxide  (NgO^)  may  also  be 
employed  as  a  component  in  rocket  propellants. 

Nitrogen' tetroxide  under  normal  conditions  is  not  an  individual 
substance,  but  represents  a  mixture  of  two  equivalent  forms: 

N  A  ^  2N02 
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Technical  nitrogen  tetroxide  contains  no  more  than  0.1#  of  water. 
Moist  nitrogen  tetroxide  corrodes  conventional  steels.  However,  when 
dry  N20^  (or  with  a  moisture  content  not  exceeding  0.1#)  has  virtually 
no  effect  on  steel.  Therefore  NgO^  is  stored  and  transported  in  con- 
,  ventional  steel  low-pressure  flasks.  At  35°*  the  vapor  pressure  of  ^0^ 
amounts  only  to  2  atm  [11]. 

Nitrogen  tetroxide,  as  well  as  other  oxides  (NO  and  NgQ^)  are 
toxic. 

Under  laboratory  conditions,  nitrogen  tetroxide  can  be  derived 
from  the  following  reaction: 

3NaNO,  4-  2HNO,  -  3NaNO,  +  2NO  +  H,0 
NO  +  2HNOa l‘/,NA  +  H,0 

Industrially,  nitrogen  tetroxide  i3  obtained  by  the  two-3tagc  ox¬ 
idation  of  ammonia:  initially  nitric  oxide  is  obtained,  and  this  is 
then  oxidized  into  the  tetroxide. 

A  system  of  nitrogen  oxides  NO-NgO^  has  been  reported  [12,  13], 
and  this  system  consists  of  a  mixture  of  equivalent  quantities  of  three 
oxides: 

*NO  £  jjNjOj  zNA 

NgO^  is  formed  as  a  result  of  the  reduction  of  nitrogen  tetroxide 
with  nitric  acid: 

2NO  +  NA  *  2NA 

This  system  can  also  be  of  interest  from  the  standpoint  as  serving 
as  an  oxidizer  for  rocket  propellants. 

Nitrogen  trioxide  is  a  compound  which  is  stable  and  decomposes 
easily  at  standard  temperature.  However, '  under  some  pressure  in  a.  mix¬ 
ture  of  equivalent  quantities  of  other  nitrogen  oxides  (NO  and  N0 0^ ) 
nitrogen  trioxide  is  quite  stable. 

The  ternary  system  NO-NgO^-NgO^,  obtained  by  the  solution  of  NO 
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Fig.  226.  Vapor  pressure  above  the 
N0-No0^  system  as  a  function  of  tem¬ 
perature.  1)  16.85$  NO;  2)  14.11$ 

NO;  3)  10.67$  NO;  4)  8.30$  NO;  5) 
5.55$  NO;  6)  2.89$  NO;  7)  NgO^.  A) 

Temperature,  °C;  B)  vapor  pressure, 
mm  Hg. 


in  No0^,  has  the  following  points  of  solidification  as  a  function  of 
the  content  of  NO  in  NgO^: 


Content 
of  NO,  $ 

0 

2,80 

5,55 

8,30 

10,67 

14,11 

16,85 

20 


M. p. ,  °C 

-11,3 
-14,1 
-17,06 
-20,4  ■ 
-23,51 
-28,81 
-33,61 
-40 


The  vapor  pressure  for  a  16.85$  solution  of  NO  can  be  presented 
by  the  following  equation: 

log  p  =  9.0347  -  1702. 1/T  mm  Hg. 

Figure  226  shows  the  vapor  pressure  above  the  NO-NgO^  system.  The 
diagram  of  state  for  the  NO-NgO^NgO^  or  NgO^NgO^  systems  are  pre¬ 
sented  in  Fig.  227. 

In  the  USA,  handbook  oxidizer  tables  point  to  an  oxidizer  the  fol¬ 
lowing  composition:  NgO^,  70$;  and  NO,  30$,  i.e.,  a  NO-NgO^-NgO^  system. 
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This  oxidizer  with  trie thy lamine  yields  a  specific  impulse  that  is  10 
units  higher  than  nitric  acid  with  the  same  combustible. 


Tetranitrome thane  has  been  known  as  an  oxidizer  for  several  tens 
of  years  and  was  long  ago  suggested  for  the  preparation  of  explosive 
mixtures  [14], 

Subsequently,  tetranitromethane  was  proposed  as  an  oxidizer  for 
rocket  propellants.  However,  the  physicochemical  properties  of  tetra¬ 
nitromethane  make  it  impossible  to  use  it  directly  as  an  oxidizer.  For 
example,  the  melting  point  of  tetranitromethane  (+14.2°)  prevents  its 
utilization  under  all  operating  conditions.  On  the  other  hand,  this  '' 
oxidizer  exhibits  substantial  advantages  over  nitric  acid.  It  exhibits 
a  high  specific  weight  of  1.643  at  20°,  a  boiling  point  of  126°,  and 
in  a  vapor  with  combustibles  forms  a  propellant  with  a  high  heating 
yield  (1760  kcal/kg).  Tetranitromethane  is  a  weak  endothermic  compound 
whose  heat  of  formation  is  8.96  kcal/mole  [15]. 
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The  heat  of  tetranitrome thane  decomposition  is  quite  substantial 
and  amounts  to  102.9  kcal/g-mole  or  526  kcal/kg.  It  is  for  this  reason 
that  tetranitrome thane  exhibits  such  poor  explosive  properties. 

Tetranitromethane  has  been  proposed  for  use  in  a  mixture  with  nit¬ 
rogen  oxides  in  the  following  relationship:  C(N02)^,  70$  and  lyfy,  30# 
[16].  This  solution  has  a  low  solidification  point  of  -30°  and  is  vir¬ 
tually  explosion-proof. 

Tetranitromethane  can  be  obtained  in  a  variety  of  ways,  as  for 
example : 

1)  by  the  nitration  of  trinitrome thane  with  nitric  acid; 

2)  by  the  destructive  nitration  of  aromatic  hydrocarbons  with  nit¬ 
ric  acid; 

3)  by  the  destructive  nitration  of  aromatic  nitro  derivatives  with 
nitric  acid; 

4)  by  the  nitration  of  acetic  anhydride  with  nitric  acid; 

5)  by  the  nitration  of  ketene  with  nitric  acid. 

During  the  First  World  War,  the  production  of  tetranitromethane 
was  accomplished  by  the  nitration  of  acetic  anhydride  with  nitric  acid: 

4  (CH,C0),0  +  4H  NO,  -  C  (NO,),  +  7CH,COOH  +  CO,. 

In  order  to  employ  this  method  to  produce  tetranitromethane  in  a 
laboratory,  126  g  concentrated  nitric  acid  is  introduced  slowly  into  a 
flask  containing  205  g  acetic  anhydride,  cooled  to  -5°.  After  a  period 
of  3  hours,  the  mixture  is  kept  at  0°,  and  then  kept  8  days  at  room 
temperature,  after  which  it  is  heated  for  1  hour  to  45—50^.  Then  the 
mixture  is  poured  into  a  glass  vessel  containing  water,  where  10  g  tet¬ 
ranitromethane  settles  out,  and  this  represents  a  yield  of  72$. 

This  method  is  associated  with  a  tremendous  consumption  of  acetic 
anhydride  and  nitric  acid. 

A  better  method  is  the  one  that  is  based  on  the  nitration  of 
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acetylene  with  nitric  acid.  This  reaction  can  be  presented  by  the  fol¬ 
lowing  summary  equation  [17): 

5HC  s  CH  +  38HNO,-*  3  C(NO,)4+7CO,  +  26NO,  +  24H,0 

A  convenient  method  for  the  derivation  of  tetranitrome thane  is  the 
reaction  of  the  nitration  of  ketene  with  98-99#  nitric  acid  in  accord¬ 
ance  with  the  following  reaction  [18]: 

4CH,  =  C  =  0  +  4HN0,-C  (NO,)4  +  CO,  +  3CH,COOH 

In  diluting  the  reaction  mass  with  water,  up  to  90#  of  the  tetra- 
nitromethane  is  isolated.  During  the  nitration,  the  ketene  bubbles 
through  the  layer  of  nitric  acid  if  well  cooled  with  ice.  The  ketene 
is  obtained  by  the  pyrolysis  of  acetone 

CH,  —  CO  —  CH,  -*•  CH,  =  C  =  0  +  CH4 

The  initial  substance  for  the  derivation  of  acetone  is  propylene 
from  cracking  gases. 

The  nitration  of  acetylene,  in  order  to  produce  tetranitrome thane, 
has  been  studied  in  great  detail.  This  method  was  checked  on  continuous - 
action  experimental  installations.  For  example,  it  was  possible  to  ob¬ 
tain  10  kg  of  tetranitromethane  on  this  continuous -act ion  laboratory 
installation.  A  diagram  of  this  installation  is  presented  in  Fig.  228. 

The  nitration  of  acetylene  with  nitric  acid  is  carried  out  in 
three  series-connected  columns  1,  2,  and  3-  The  total  capacity  of  these 
columns  amounts  to  approximately  3  liters.  The  first  two  columns  are 
filled  with  98#  nitric  acid  in  a  mixture  with  regenerated  nitric  acid 
containing  about  0. l4  g  mercury  nitrate  per  1  liter  of  nitric  acid. 

The  mercury  nitrate  is  the  catalyst  in  the  nitration  reaction.  Within 
1  hour  2.4  liters  of  the  nitration  mixture  is  introduced  into  the  up¬ 
per  part  of  the  column  and  93 • 5  liters  of  acetylene  are  introduced  in¬ 
to  the  lower  part  of  the  first  column  in  an  hour  through  a  special  dis¬ 
tribution  device  which  provides  for  the  good  mixing  of  the  reagents. 
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The  nitration  reaction  in  the  first  two  columns  is  carried  out  at  a 
temperature  of  50-55°  as  a  result  of  which  the  tr in itrome thane  is 
formed. 

The  continued  reaction  of  the  nitration  of  trinitromethane  in  tet 
ranitromethane  is  carried  out  in  the  third  column.  This  reaction  is 
carried  out  at  90°  in  the  presence  of  95#  sulfuric  acid.  A  solution  of 
trinitromethane  in  nitric  acid  enters  this  column  continuously  in  addi 
tion  to  the  1.7  liters/hour  of  sulfuric  acid.  The  heating  of  the  reac¬ 
tion  column  is  carried  out  by  means  of  a  steam  jacket.  The  reaction 
mixture  entering  into  the  separator  4  from  column  3  is  separated  into 
two  layers:  the  upper  layer  consists  of  crude  tetranitromethane,  and 
the  lower  layer  consists  of  a  mixture  of  waste  acids.  The  crude  tetra¬ 
nitromethane  enters  the  lower  part  of  the  flushing  column  5  into  whose 
upper  part  there  is  a  constant  flow  of  concentrated  sulfuric  acid.  The 
tetranitromethane,  on  passing  through  the  layer  of  sulfuric  acid,  is 
flushed  free  of  admixtures  and  accumulates  in  the  upper  part  of  the 
column  from  which  it  enters  the  purified-tetranitromethane  collector  6. 

The  waste-acid  mixture,  after  separation  in  the  separator  4,  is 
pumped  into  the  rectification  column  7  where  the  nitrogen  oxides  and 
iltric  acid  is  boiled  off.  The  final  separation  of  the  nitric  acid 
from  the  sulfuric  acid  is  carried  out  in  a  still  8,  where  the  sulfuric 
acid  is  also  made  stronger.  Increased  to  a  concentration  of  95-9 6%, 
the  sulfuric  acid  enters  the  collector  9  and  is  again  used  in  the  proc¬ 
ess. 

In  the  concentrated  nitric  acid  obtained  in  the  distillation  in 
column  7  there  are  oxides  of  nitrogen  and  an  admixture  of  tetranitro¬ 
methane.  This  acid  is  employed  for  the  preparation  of  the  nitrating 
mixture  by  the  addition  of  fresh  nitric  acid  and  the  required  quantity 
of  mercury  nitrate. 
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Fig.  228.  Continuous -act ion  laboratory  installa¬ 
tion  for  nitration  of  acetylene  with  nitric  acid. 

1  and  2)  Columns  for  the  nitration  of  acetylene 
with  nitric  acid;  3)  column  for  the  nitration  of 
trlnltrome thane  with  a  mixture  of  sulfuric  and 
nitric  acid;  4)  separator  for  the  separation  of 
crude  te tranitrome thane ;  5)  column  for  the  flush¬ 
ing  of  the  crude  te tranitrome thane;  o)  purifled- 
te  tranitrome  thane  collector;  7)  ,°°o\ 

umn  for  separation  of  concentrated  nitric  acid,  o; 
still  for  concentration  of  sulfuric  acid;  9)  sul¬ 
furic-acid  collector;  10)  scrubber  for  flushing  of 
waste  gases;  11)  condenser;  12)  collector  for  re¬ 
generated  nitrogen  oxides;  13)  cold-flushing 
scrubber;  14)  nitric-acid  collector;  15)  condenser. 
A)  Separation  into  fractions. 


With  the  nitration  of  the  acetylene  from  the  first  column,  carbon 
dioxide  and  nitrogen  dioxide  are  liberated.  These  gases  are  passed 
through  scrubber  10  in  which  they  are  flushed  with  hot  concentrated 
nitric  acid  containing  mercury  nitrate  in  order  to  remove  the  traces 
of  acetylene.  After  flushing  the  nitric  acid  is  passed  on  to  carry  out 
the  first  stage  of  the  nitration  process.  The  gases  from  the  scrubber 
are  passed  through  a  deep-cooling  coil  where  the  nitrogen  dioxide  is 

condensed. 

The  resultant  nitrogen  dioxide  is  used  for  the  preparation  0  nit 
ric  acid. 
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The  incompressible  part  of  the  waste  gases  is  passed  through 
scrubber  13  in  which  the  gases  are  flushed  with  cold  concentrated  nit¬ 
ric  acid  and  where  the  nitrogen  oxides  are  finally  absorbed.  The  util¬ 
ization  of  a  closed  extraction  and  regeneration  system  reduces  losses 
of  tetranitrome thane  and  nitrogen  dioxide. 

The  installation  has  a  capacity  of  440  g  of  purified  tetranitro- 
methane  per  hour.  The  tetranitrome thane  yield,  with  this  process, 
amounts  to  60#  of  the  theoretical  yield. 

The  chemical  mechanism  of  the  reactions  taking  place  in  the  deriva¬ 
tion  of  tetranitromethane  can  be  presented  as  proceeding  in  the  follow¬ 
ing  stages: 

1)  in  the  first  stage,  during  the  reaction  between  the  acetylene 
with  nitric  acid,  dinitro-,  and  then  trinitroacetaldehyde  are  formed: 

HC  m  CH  +  2HNO, - (NOjJiCH  -  CHO  +  H,0 
(NO,)jCH  -  CHO  4-  HNOj  -*  (NOa)aC  -  CHO  +  HaO 

2)  the  oxidation  of  the  trinitroacetaldehyde  into  trinitroacetic 
acid,  with  its  subsequent  decomposition,  and  the  formation  of  trinitro- 

me thane: 

(NOa)aC  -  CHO  4-  2HNOa  -  (NO:)3C  -  GOOH  +  2NOa  +  HaO 
(NOa)aC  -  COOH  ->  (N05)3CH  +  COa 

3)  the  nitration  of  tr in itrome thane  into  tetranitromethane.  This 
reaction  concludes  in  the  presence  of  sulfuric  acid  at  90°: 

(NOa)aCH  4-  HNOa  ->  (NOa)«C  4-  HaO 

These  reactions  can  be  used  to  explain  the  formation  of  a  great 
quantity  of  nitrogen  oxides  and  carbon  dioxide  in  the  nitration  of 
acetylene  with  nitric  acid. 
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Chapter  2 

CONCENTRATED  HYDROGEN  PEROXIDE 

Concentrated  hydrogen  peroxide  (80-900)  is  used  abroad  as  a  mono¬ 
propellant  in  starter  aviation  engines,  but  its  primary  use  is  as  an 
auxiliary  propellant  (fuel)  to  actuate  turbopump  installations  of  ZhRD 

TABLE  l8l 


Physicochemical  Properties  of  Hydrogen 
Peroxide  [lj 


1  tlOKIMTM* 

2  KohlUN1>JilM  DCPCKKR 

■oxopogu.  % 

It 

M 

100 

3  riflOTHOCTfc  ...  .' . ; 

1.35  (lb*) 

1,39(25*) 

1,444  (18*) 

4  T.  IUI.,  *C . 

-22,2 

-11,1  . 

-1,7 

5  T.  Klin,  (c  piMOMCHHCM),  *C  .  .  . 

— 

140 

151,4 

6  Bmkoctv  npii  18 *,  ecm . 

1,307  (li,  8*) 

1,30 

1,307 

7  noK*3aT«i  npwonwieHHH  n®  ..  . 

- 

1,398 

1,4139 

8  TtivioT*  napootipaaosaxHH,  kkoaJki 

■  — 

328 

326 

9  FTOBCpXHOCTHOC  HaTMKCMHC,  dun/d> 

— 

75,53 

75,7 

.0  Teiuiora  painoweHHa,  KKtuJt-MOJb 
.1  TeiuioTa  ofipavmaHHK,  uuu/t'MOAb 

23,450 

.2  MoiAKaa  HA . 

— 

— 

45,16 

■3  napoofipaanaa  HjOi  . .  .  . 

— 

— 

38,29  . 

.4  TcnaocMKocTb,  w*U-tpad  .... 

0.64 

0,58' 

0,57 

1)  Indicators;  2)  concentration  of  hydrogen 
geroxide,  0;  3)  density;.  4)  melting  point, 

C;  5)  boiling  point  (with  decomposition), 

°C;  6)  viscosity  at  18°,  centistokes;  7) 

refractory  index  n^°;  8)  heat  of  vapor  forma¬ 
tion,  kcal/kg;  9)  surface  tension,  dyn/cm; 

10)  heat  of  decomposition,  kcal/g-mole;  11) 
heat  of  formation,  kcal/g-mole ;  12)  liquid 
^)  gaseous  HgC^;  14)  heat  capacity, 
cal/g- deg. 


[liquid  rocket  (reaction)  engines],  and  it  is  used  in  certain  cases  a 
an  oxidizer  for  rocket  propellants  [1,  2]. 

The  physicochemical  properties  of'  hydrogen  peroxide,  of  various 
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concentrations,  are  presented  in  Table  l8l. 

Figure  229  shows  the  diagram  of  state  for  the  HgOg-H^O  system. 
With  a  drop  in  temperature,  the  solid  phase  settles  out  of  90-95#  hy¬ 
drogen  peroxide.  90#  HgOg  can  be  supercooled.  By  means  of  additional 
quantities  of  ammonium  nitrate  to  92#  hydrogen  peroxide,  the  melting 
point  of  the  latter  can  be  reduced  from  -9.1  to  -32°  (Fig.  230). 

A  mixture  consisting  approximately  of  40#  ammonium  nitrate  ana 
6o$  hydrogen  peroxide  has  a  lower  solidification  point.  A  solution  of 
this  type  may  be  of  interest  from  the  standpoint  of  serving  as  an  ox¬ 
idizer  for  rocket  propellants. 

Hydrogen  peroxide  decomposes  with  substantial  liberation  of  heat 
and  can  therefore  serve  as  a  convenient  energy  source: 

H202  (liquid)  -H20  (liquid)  +  l/20g  +  23.45  kcal/mole  or  691  kcal/kg 
HO  (liquid)  -  HgO  (gas)  +  l/20g  +  12.850  kcal/mole  or  378  kcal/kg 
H202  (gas)  -H20  (gas)  +  l/20g  +  24.5  kcal/g-mole 


2  f«*ue*Mpouu*  h,0j.  K 

Fig.  229.  Diagram  of  state  of 
the  H202-H20  system,  l)  Solid¬ 
ification  point,  °C;  2)  concen¬ 
tration  of  Hg02,  $. 

The  decomposition  of  hydrogen  peroxide  takes  place  in  the  presence 
of  a  fast  catalyst.  In  the  decomposition  of  1  kg  90$  hydrogen  peroxide, 
0.423  kg  active  oxygen  is  liberated  as  are  1700  liters  of  gas  heated 
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Fig.  230.  Solidification  point 
for  solutions  of  ammonium  nit¬ 
rate  in  hydrogen  peroxide.  1) 
Solidification  point,  °C;  2) 
content  of  NH^NO^,  $. 


TABLE  182 

Rate  of  Decomposition  of  90$ 
Hydrogen  Peroxide  at  Various 
Temperatures  [1,  2] 


j  T«Miup*jypi, 

CKOPOCTfc 

2  pjMOJKCMNM  • 

30 

3  1%.  »  roa 

66 

4  1%  b  mujiio 

100 

5  2%  3J  24  laca 

140 

6  Pawiracrcn  6ucrpo  , 

1)  Temperature,  °C;  2)  approx¬ 
imate  decomposition  rate;  3) 

1$  annually;  4)  1#  weekly;  5) 

2$  daily;  6)  decomposes  quickly. 


TABLE  183 

Effect  of  Admixtures  on  Rate  of 
Decomposition  of  90$  Hydrogen 
Peroxide  at  100  [sic]  in  a  24- 
Hour  Period  [1,  2] 


/lofintiKA 

1 

Kojih'icctio 

JinO.lIlKH, 

2  »‘i* 

riOTCpM  nCpnOHIMflJIb* 
HO  SKTIinHOrO  KHCflO- 

3  t>o;w.  % 

4  Bea  aofianoK  . . . 

__ 

■  2 

5  AflioMiumfi  .  .  ■ 

10 

2 

6  XpoM . 

0.1 

96 

7  Meat . 

0.1 

85 

8  JKmc.30 . 

1,0 

15 

l)  Addition;  2)  additional  quantity,  mg/liter;  3) 
loss  of  initial  active  oxygen,  $;  4)  without  addi¬ 
tions;  5)  aluminum;  6)  chrome;  7)  copper;  8)  iron. 
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to  740°. 


The  slow  decomposition  of  hydrogen  peroxide  occurs  at  normal  tem¬ 
peratures.  The  rate  of  this  process  Is  a  function  of  the  presence  of 
catalytic  admixtures.  For  example,  for  a  high-purity  industrial  speci¬ 
men  of  90$  hydrogen  peroxide,  the  rate  of  decomposition  is  expressed 
by  the  following  quantities  as  a  function  of  temperature  (Table  182). 

The  most  insignificant  of  admixtures  will  accelerate  the  decompo¬ 
sition  of  the  hydrogen  peroxide  (Table  183). 

The  dust  and  dirt  which  may  contaminate  the  product  also  promote 
the  decomposition  of  hydrogen  peroxide. 

Acidic  solutions  of  hydrogen  peroxide  are  more  stable  with  respect 
to  decomposition  than  are  neutral  or  alkaline  solutions. 

The  addition  of  certain  additives  (stabilizers)  to  the  hydrogen 
peroxide  makes  it  possible  to  reduce  the  decomposition  rate.  Phosphoric 
and  pyrophosphoric  acids,  their  salts,  boric  acid,  stannic,  acetic, 
oxalic  acids,  as  well  as  hydrooxy quinoline,  acetanilide,  etc.,  are  used 
as  stabilizers.  The  mechanism  of  stabilizer  action  involves  their  elim¬ 
ination  or  deactivation  of  the  catalysts  for  the  decomposition  of  the 
hydrogen  peroxide. 

The  high  purity  of  the  hydrogen  peroxide  in  combination  with  a 
stabilizer  is  the  best  guarantee  of  hydrogen-peroxide  stability  during 
storage.  The  stabilizers  also  guarantee  the  preservation  of  the  hy¬ 
drogen  peroxide  in  the  presence  of  various  admixtures. 

However,  if  the  hydrogen  peroxide  is  contaminated  by  large  quan¬ 
tities  of  admixtures,  no  stabilizers  can  prevent  the  rapid  decomposi¬ 
tion  of  the  product. 

For  the  stabilization  of  HgOg  in  storage,  a  small  quantity  of 
phosphoric  acid  is  added;  for  example,  23  mg/liter  is  added  for  87$ 
hydrogen  peroxide.  The  stabilizer  quantity  varies  as  a  function  of  the 
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degree  of  product  purity. 

The  greatest  danger  during  storage  exists  when  various  contamin¬ 
ants,  capable  of  producing  the  rapid  catalytic  decomposition  of  the 
H202,  enter  the  space  (volume)  containing  the  hydrogen  peroxide.  In 
this  case,  the  decomposition  may  be  accelerated  to  such  an  extent  that 
the  safety  valves  will  no  longer  function  effectively.  In  this  case, 
it  is  expedient  to  add  an  additional  quantity  of  stabilizer  -  phosphoric 
acid  -  to  the  liquid  HgOg.  However,  if  this  proves  to  be  inadequate, 
then  the  concentrated  hydrogen  peroxide  must  be  diluted  to  a  67$  con¬ 
centration  at  which  it  is  no  longer  dangerous  [1], 

Concentrated  hydrogen  peroxide  must  be  handled  carefully,  since 
if  it  comes  in  contact  with  combustibles  or  contaminant  materials, 
spontaneous  combustion  is  sometimes  possible.  If  hydrogen  peroxide 
comes  into  contact  with  the  skin,  serious  burns  are  possible. 

The  best  structural  material  for  the  storage  of  concentrated  hy¬ 
drogen  peroxide  is  aluminum  of  high  purity  (99*6$).  Aluminum  containers 
must  be  thoroughly  cleaned  prior  to  being  filled,  and  they  must  be 
flushed  with  a  solution  of  caustic  soda  and  then  with  water  and  10$ 
sulfuric  acid  of  high  purity  for  several  hours.  Then  the  acid  is  rinsed 
out  with  distilled  water,  after  which  it  is  desirable  to  rinse  the  con¬ 
tainer  with  hydrogen  peroxide.  On  refilling,  if  the  container  has  not 
become  contaminated,  the  rinsing  procedure  is  unnecessary  [1,  2). 

In  this  connection,  large  quantities  of  concentrated  hydrogen  per¬ 
oxide  are  stored  in  aluminum  barrels  having  a  capacity  of  100  to  120 
kg.  Aluminum  tanks  with  a  capacity  of  more  than  15,000  liters  are  used 
for  the  transportation  of  this  material,  and  these  tanks  are  installed 
on  railroad  flatcars.  The  tanks  have  been  fitted  out  with  safety  valves 
to  handle  excess  pressure.  In  storage,  losses  of  concentrated  hydrogen 
peroxide  should  not  exceed  more  than  1$  annually  [4], 
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Bottles  of  chemically  stable  glass  with  an  external  aluminum 
safety  shield  are  used  for  the  storage  of  concentrated  hydrogen  perox¬ 
ide  under  laboratory  conditions.  Stainless-steel  pumps  may  be  used  to 
pump  hydrogen  peroxide,  and  polyvinyl  chloride  is  used  for  the  packing 
[3,  5J. 

Teflon  (polytetrafluoroethylene)  and  polyethylene,  somewhat  less, 
are  stable  to  concentrated  hydrogen  peroxide. 

Certain  stainless  steels,  with  properly  treated  surfaces,  can 
withstand  being  in  contact  with  hydrogen  peroxide  at  20°  for  intermit¬ 
tent  periods  over  several  days  [5]. 

Copper,  lead,  rnd  certain  alloys  cause  the  rapid  intensive  decom¬ 
position  of  hydrogen  peroxide.  For  a  comparatively  short  period  of 
time  concentrated  hydrogen  peroxide  can  be  stored  in  tanks  made  of 
elastic  plastics  made  of  polyvinyl  chloride  and  poly\  Lnyl  acetate.  Hy¬ 
drogen  peroxide  is  drawn  from  these  tanks  under  the  action  of  external 
pressure  which  compresses  the  tanks  [5], 
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Chapter  3 

LIQUID  OXYGEN  AND  LIQUID  OZONE 

1.  Oxygen 

At  the  present  time,  liquid  oxygen  is  in  use  abroad  as  an  oxidant 
in  fuels  for  long-range  rockets.  Its  use  as  an  oxidant  for  fuels  in 
aviation  liquid  reaction-thrust  engines  has  also  been  reported. 

In  industry,  oxygen  is  widely  used  to  intensify  processes  in  the 
metallurgical  and  chemical  industries,  in  oxyacetylene  welding,  to  pro¬ 
duce  cheap  commercial  explosives  (oxyliquits)  and  for  other  purposes 
[1]. 

Liquid  oxygen  is  a  transparent  blue-tinted  liquid  with  a  specific 
gravity  of  1.14.  The  boiling  point  of  liquid  oxygen  is  -183°,  and  its 
melting  point  is  -219°.  The  critical  temperature  for  oxygen  is  -118.8° 
and  the  critical  pressure  corresponding  to  this  is  49.7  atm.  The  vis¬ 
cosity  of  liquid  oxygen  (96$  concentration)  at  the  boiling  point  is 
0.189  centipolse,  its  latent  heat  of  evaporation  is  1.632  kcal/mole, 
and  the  heat  capacity  of  oxygen  in  the  range  from  -173  to  +25°  lies 
between  7*0  and  6.9  cal/mole.  The  heat  expended  on  evaporation  of  the 
oxygen  and  heating  of  its  vapors  to  +18°  must  be  taken  into  account  in 
calculations  for  the  fuels.  This  quantity  amounts  to  3-1  kcal/mole. 

Liquid  oxygen  is  produced  in  industry  by  liquefying  atmospheric 
air  with  alternating  compression  and  cooling  cycles,  with  the  result 
that  its  temperature  is  lowered  to  — l80°,  at  which  the  air  condenses 
under  relatively  low  pressure. 

Apart  from  the  other  physicochemical  properties,  the  compressibil- 
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ity  of  liquid  oxygen  is  of  great  importance. 

It  has  been  shown  by  special  experiments  that  the  compressibility 
of  a  fuel  may  exert  considerable  influence  on  the  performance  stability 
of  a  liquid-fuel  rocket  engine  and  on  the  combustion  completeness  of 
the  fuel;  it  is  characterized  by  the  compressibility  coefficient,  the 
magnitude  of  which  is  determined  by  the  following  expression: 

K/~ir(rX  lsothermal  compressibility 
adiabatic  compressibility 

where  v  is  the  volume,  jc  is  the  pressure,  T  is  the  temperature,  and  S 
is  the  entropy  of  the  liquid. 

The  coefficients  of  adiabatic  and  isothermal  compressibility  are 
related  as  follows: 


Ki—Ka 

The  compressibility  of  liquid  oxygen  is  very  small,  and  the  difference 
between  the  volumes  of  liquid  oxygen  at  pressures  of  1  and  70  atm  does 
not  exceed  1 $. 

Calculated  values  of  the  isothermal  compressibility  coefficient 
and  other  parameters  of  liquid  oxygen  are  listed  in  Table  184. 

A  diagram  of  an  apparatus  for  producing  liquid  oxygen  with  a  low- 
pressure  cold  cycle  and  a  compressed-gas  engine  appears  in  Pig.  231 
[1].  Air  is  compressed  to  a  pressure  of  6-7  atmospheres  in  the  turbo¬ 
compressor  1,  passes  through  the  water  cooler  2  and  is  then  fed  into 
the  heat  exchanger  3,  where  it  is  cooled  to  -160°;  then  almost  all  of 
the  air  (about  95$  of  the  total  quantity)  enters  the  compressed-gas 
engine  4,  where  it  expands  to  1  atmosphere  and,  in  the  process,  cools 
almost  to  the  liquefication  temperature.  Emerging  from  the  compressed- 


gas  engine,  the  expanded  air  enters  the  tubing  of  the  liquefier  (con¬ 
denser)  5,  where  it  transfers  its  low  temperature  to  the  remaining  % 
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TABLE  184 

Theoretical  Values  of  Isothermal  Compressibility 
Coefficient  and  Other  Parameters  of  Liquid  Oxygen 


1 

TcMncpn* 
ryp*.  *C 

2 

yjieAkHuA 

•ec 

^JtMIhNMA 

OdVCM, 

tm»le 

a 

4 

Cp* 

katlitpad 

5 

T*'ICp, 
»*/«*■•  10- * 

6 

K,. 

(m'/ki-  I0*‘ 

-183 

1,142 

0,8757 

4,21 

0,4059 

3,441 

183 

-188 

1,167 

0,8569 

4,15 

0,4039 

3,106 

165 

-103 

1,191 

0,8390 

4,03 

0,4019 

2,714 

148 

-198 

1,215 

0,8230 

3,94 

0,4008 

2,390 

132 

-203 

1,239 

0,8071 

3,82 

0,3989 

2,065 

117,3 

-208 

1 ,263 

0,7918 

3,05 

0,3972 

1,726 

102,5 

-213 

1,282 

0,7800 

3,46 

0.39C2 

1,422 

89,5 

1)  Temperature,  °C;  2)  specific  gravity;  3)  spe¬ 
cific  volume,  cm3/g;  4)  C  ,  cal/gram- degree;  5) 

Ta‘  /C  ,  cm3 /cal*  10  3;  6)  K^,  cm^/kg‘10 
P 


of  the  compressed  air,  which  have  been  directed  into  the  space  between 
the  liquefler's  tubes.  Then  the  expanded  air  is  diverted  through  the 
heat  exchanger  3,  cooling  the  air  coming  from  the  compressed-gas  engine. 

The  air  in  the  inter-tube  space  of  the  condenser  5  is  liquefied 
at  a  pressure  of  6-7  atmospheres  and  then  readmitted  at  the  bottom  of 

l* 

’the  condenser 'through  the  regulating  valve  6,  expanding  to  1  atmosphere 
in  the  process.  The  liquid  air  is  drained  from  the  condenser  through 

the  valve  7* 

Liquid  oxygen  is  produced  from  liquid  air  by  evaporating  the  nit¬ 
rogen  at  a  temperature  of  about  —190°,  after  which  the  liquid  oxygen, 
which  boils  at  -183°,  remains. 

The  content  of  oxygen  in  technical  liquid  oxygen  should  be  no  less 
than  99.0 %  by  volume. 

Liquid  oxygen  is  used  in  liquid  form  as  an  oxidant  for  reacti<  n- 
thrust  fuel.  In  this  state,  however,  it  is  physically  unstable.  As 
result,  the  storage  and  transportation  of  liquid  oxygen  represent  seri¬ 
ous  engineering  problems. 

In  its  liquid  state  at  atmospheric  pressure,  oxygen  maintains  a 
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constant  temperature  of  -183°,  because  continuous  evaporation  of  the 
oxygen  is  taking  place  and  is  related  to  the  absorption  of  heat.  The 
evaporation  of  1  kg  of  liquid  oxygen  requires  expenditure  of  51  kcal 
of  heat.  Due  to  the  temperature  difference,  there  is  a  continuous  flow 
of  heat  from  the  surrounding  space  to  the  liquid-oxygen  container,  sub¬ 
ject  to  heat-transfer  conditions. 

The  evaporation  time  of  liquid  oxygen  is  inversely  proportional 
to  the  heat-transfer  surface  area  and  the  coefficient  of  heat  transfer 
from  the  surrounding  air  to  the  liquid  oxygen.  The  latter  is  basically 
determined  by  the  thermal-conductivity  coefficient  of  the  wall  of  the 

container  holding  the  liquid  oxygen. 

As  a  result,  containers  with  double  walls  are  used  to  store  liq¬ 
uid  oxygen.  The  space  between  the  walls  is  heat-insulated  with  a  ma¬ 
terial  having  a  low  thermal  conductivity  or  is  evacuated. 

It  has  been  established  in  practice  that  loose  magnesium  carbonate 
powder  is  an  excellent  heat- insulation  material;  this  will  be  evident 
from  comparison  of  the  thermal  conductivity  coefficients  for  a  number 

of  heat-insulating  materials  [1]. 

Magnesium  carbonate  powder  0.027  kcal/m* hour 'degree 

Asbestlte .  0.0324 

Still  air .  0.02 

Mineral  wool  and  glass  wool  are  also  used  as  heat  Insulation.  The 
oxygen  losses  are  reduced  by  25$  when  a  vacuum  jacket  is  used  as  heat 
insulation. 

Under  laboratory  conditions,  liquid  oxygen  is  stored  in  double - 
walled  Dewar  flasks  with  a  high  vacuum  of  the  order  of  0.001  mm  Hg  be¬ 
tween  their  walls.  Small  Dewar  flasks  (1-2  liters)  are  usually  made  Oj. 
glass,  while  larger  flasks  (up  to  25  liters)  are  made  from  metals. 

Metal  tanks  with  good  heat  insulation  are  used  to  store  and  trans- 
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port  large  quantities  of  liquid  oxygen.  Thus,  certain  of  these  have 
the  following  characteristics: 

Transportable  Stationary 
"tanks"  "tanks" 

Weight  of  filled  "tank,"  kg....  1100-5000  2500-18,750 

Liquid  oxygen  capacity,  liters.  648-2900  1000-12,000 

Loss  of  oxygen  per  hour,  $ .  0.26-0.35  0.12-0.35 

Larger  "tanks"  for  storage  of  liquid  oxygen  have  capacities  from 
10  to  50  m^  and  may,  in  some  cases,  hold  as  much  as  40,000  to  45,000  m 

[2]. 

Liquid  oxygen  tanks  with  capacities  of,  for  example,  13  or  30 
tons  are  used  for  long-range  hauling  of  large  quantities  of  liquid  oxy¬ 
gen  on  railroad  platform  cars.  The  hourly  losses  from  such  tanks  come 
to  0.11-0.12#  of  capacity  [1]. 

The  thickness  of  the  heat-insulation  layer  in  the  relatively  small 
"tanks"  ranges  upward  from  250  mm.  The  tanks  are  usually  cylindrical 
in  shape,  since  this  provides  the  smallest  cooling  surface.  A  pressure 
of  1.4-1. 6  atmospheres  is  maintained  inside  the  tank,  but  this  in¬ 
creases  to  10-15  atmospheres  in  many  stationary  tanks. 

Since  rocket  engineering  requires  large  quantities  of  liquid  oxy¬ 
gen,  tanks  that  can  accommodate  hundreds  of  tons  of  this  oxidizer  are  ^ 
required  to  provide  ready  reserves. 

A  reservoir  accommodating  50  m^  of  liquid  oxygen  was  built  in 
1938  at  an  experimental  air  base  in  Germany.  The  reservoir  consisted 
of  a  cylindrical  shell  having  a  height  and  diameter  of  8.6  meters, 
within  which  an  oxygen  tank  with  a  diameter  of  6  m  was  placed.  The 
space  between  the  walls  of  the  shell  and  the  inner  tank,  which  was  1.3 
meters,  was  filled  with  loose  magnesium  carbonate  powder.  The  reservoir 
was  underground,  and  this  excluded  the  possibility  of  heating  by  sun¬ 
light.  140  kg  of  liquid  oxygen,  or  0.25$,  evaporated  daily.  If  we  as- 
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sume  that  these  losses  do  not  vary  as  the  oxygen  reserve  changes, 
about  400  days  would  be  required  to  evaporate  all  the  oxygen  on  the 
basis  of  these  losses. 

A  plan  for  a  1,000, 000- ton  underground  liquid-oxygen  reservoir 
has  appeared  in  the  literature  [3].  The  inside  diameter  of  the  reser¬ 
voir's  container  is  103.5  m  and  it  is  119  meters  high.  The  insulation 
is  10  meters  thick.  The  quantity  of  oxygen  evaporating  daily  is  13 
tons.  Decades  would  be  required  for  evaporation  of  all  the  oxygen  from 
such  a  reservoir. 


Fig.  231.  Diagram  of  liquid 
oxygen  production  by  low-pres¬ 
sure  refrigerating  cycle  with 
compressed-gas  engine,  l)  Tur¬ 
bocompressor;  2)  cooler;  3) 
heat  exchanger;  4)  compressed- 
gas  engine;  5)  liquefier;  6,7) 
valves.  A)  Water;  B)  air. 

As  the  liquid  oxygen  evaporates  from  stationary  tanks,  the  losses 
are  replaced.  The  gaseous  oxygen  is  compressed  to  150  atmospheres  and 
collected  in  bottles.  Gaseous  oxygen  is  also  stored  under  a  150-atmos¬ 
phere  pressure  in  gas  holders  with  'capacities  from  750  to  3000  iA  The 
gas  holders  are  filled  from  tank  cars  carrying  liquid  oxygen  [2]. 
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The  storage  of  liquid  oxygen  represents  a  serious  problem  because 
of  the  high  chemical  activity  of  oxygen  and  its  extremely  low  boiling 
point  [3  3 • 

Many  materials,  as,  for  example,  steel  and  others,  become  cold¬ 
short  at  low  temperatures.  Only  nonferrous  metals  and  chromium- nickel 
alloys  show  good  retention  of  their  mechanical  properties  at  low  tem¬ 
peratures. 

Existing  installations  and  those  under  construction  for  the  pro- 
duction  of  oxygen  are  designed  for  capacities  of  45-225  million  irryyear. 
Thus,  liquid  oxygen  is  one  of  the  cheapest  oxidants  [1]. 

According  to  GOST-4313,  oxygen  produced  from  atmospheric  air  by 
the  deep-freezing  method  may  contain  no  less  than  99$  of  02  for  Grade 
One  and  no  less  than  98$  of  02  for  Grade  Two. 

Equipment  has  been  developed  for  production  of  ’nuid  oxygen  and 
its  aerial  transportation.  One  such  unit  [4]  has  a  capacity  of  8.5  tons 
of  oxygen  per  day  and  is  designed  to  service  the  reaction-thrust  en¬ 
gines  of  long-range  rockets  with  oxygen.  It  weighs  19.5  tons,  but  it 
can  be  knocked  down  into  several  sections  for  greater  convenience  in 
aerial  transportation.  The  assembled  Installation  is  15  meters  long,  4 
meters  wide  and  3-3  meters  high. 

Operation  of  the  installation  is  automated;  it  is  serviced  round 
the  clock  by  only  four  workers.  A  single  operator  attends  it  in  each 
shift  (8  hours),  and  one  engineer  is  assigned  to  the  installation  for 
general  supervision. 

Maximum  use  is  made  of  aluminum  and  plastics  as  structural  ma¬ 
terials  to  keep  the  weight  of  the  installation  down. 

The  installation  works  on  the  principle  of  air -compression  and 
-expansion  cycles,  with  cooling  of  the  air  in  air  condensers  and  by 
liquid  nitrogen.  Liquid  oxygen  of  99-5$  purity  issues  from  a  continuous- 


flow  rectification  column. 

As  a  rule,  liquid  oxygen  is  used  at  the  point  of  consumption  [sic]. 
However,  it  can  be  hauled  and  stored  in  special  tank  cars  having  a 
15,000-liter  capacity.  It  is  interesting  to  note  that  the  reservoirs 
can  be  equipped  with  special  automatic  helium  coolers  to  condense  and 
return  the  evaporated  oxygen.  In  the  helium  cooler,  liquid  helium 
(boiling  point  -269°)  circulates  through  a  tube  condenser  installed  in 
the  top  of  the  reservoir  containing  the  liquid  oxygen.  The  gaseous  oxy¬ 
gen  condenses  at  its  boiling  point  of  -I830.  The  helium  coolers  make 
it  possible  to  store  a  large  quantity  of  liquid  oxygen  for  a  long  time 
and  to  transport  it  over  long  distances  without  losses. 

Figure  232  shows  a  transportable  installation  for  production  of 
liquid  oxygen,  its  storage,  and  its  use  in  servicing  rockets  [4]. 

2.  Ozone 

Apart  from  oxygen,  ozone  is  also  considered  as  an  oxidizer  for 
rocket  fuels;  this  application  was  first  suggested  by  Yu.V.  Kondratyuk 

[51. 

Ozone  is  an  allotropic  modification  of  oxygen.  Its  melting  point 
is  251°  [sic]  and  its  boiling  point  Is  -111.1°.  In  the  liquid  state, 
ozone  has  a  dark  blue  color.  It  Is  capable  of  spontaneous  decomposition 
and  is  distinguished  by  high  brisance  as  a  result  of  the  fact  that  It 
is  an  endothermal  compound.  The  specific  weight  of  liquid  ozone  at 
its  boiling  point  is  1.46,  while  that  of  oxygen  is  1.14.  Ozone  has  lim¬ 
ited  solubility  in  liquid  oxygen.  Thus,  for  example,  the  solubility  of 
ozone  at  the  boiling  point  of  oxygen  (-183°)  is  about  25$.  Mixtures  of 
oxygen  and  ozone  containing  from  25  to  55$  of  the  latter  separate  into 
two  layers:  a  heavy  dark-violet  phase  that  is  richer  in  ozone  (55$  0^) 
and  a  lignter  light-blue  phase  richer  in  oxygen.  Solutions  containing 
more  than  55$  of  ozone  do  not  stratify  but  represent  an  explosion  haz- 
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ard.  At  temperatures  above  -179* 5°>  ozone  mixes  with  oxygen  in  all  pro¬ 
portions,  but  elevated  pressure  is  required  to  keep  the  solution  in 
its  liquid  state  [2], 

The  oxygen-ozone  diagram  of  state  [6-7]  for  a  pressure  of  1  atmos¬ 
phere  is  shown  in  Pig.  233. 

Ozone  is  an  unstable  substance  and  is  liable  to  spontaneous  decom¬ 
position.  This  reaction  is  accompanied  by  the  liberation  of  a  large 
quantity  of  energy:  203  -►  30g  +  69  kcal/mole  or  720  kcal/kg.  The  kin¬ 
etics  of  this  process  and  the  influence  of  various  catalysts  on  it 
have  been  studied.  Manganese  peroxide,  cupric  oxide  and  other  sub¬ 
stances  accelerate  the  decomposition  of  ozone.  However,  perfectly  pure 
ozone  is  stable  at  room  temperature  or,  in  any  event,  its  decomposi¬ 
tion  proceeds  slowly.  Gaseous  ozone  is  capable  of  explosive  decomposi¬ 
tion  [8]. 

It  was  reported  in  literature  data  published  before  1936  that 
ozone  -  both  liquid  and  solid  —  was  a  highly  explosive  substance.  Ex¬ 
plosions  occurred  readily  on  boiling,  heating,  and  shock,  as  well  as 
when  organic  materials  contaminated  the  ozone. 

According  to  a  report  [9]  that  appeared  in  1956,  it  was  estab¬ 
lished  in  a  study  of  the  properties  and  stability  of  liquid  ozone  that 
the  reason  for  explosions  in  liquid  ozone  was  the  presence  of  minute 
quantities  of  organic  impurities  contained  in  the  oxygen  from  which 
the  ozone  had  been  produced.  They  can  contaminate  it  from  the  lubricat¬ 
ing  oils  of  the  compressor  in  the  production  of  liquid  air  and  separa¬ 
tion  of  the  oxygen.  These  oils  are  subject  to  cracking  and  oxidation 
with  formation  of  volatile  products  that  contaminate  the  oxygen.  If 
the  oxygen  from  which  the  ozone  is  produced  is  first  passed  through 
cupric  oxide  that  has  been  heated  to  700°,  the  organic  impurities  burn 
out  and  the  ozone,  which  is  obtained  from  this  oxygen  in  liquid  form, 
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will  possess  exceptional  stability  to  shock  and  vibration  and  high 
thermal  stability. 


Pig-  233*  Diagram  of  state  of  ozone- 
oxygen  system  for  pressure  of  1  atm. 
1)  Ideal  solution;  2)  vapor;  3)  liq- 
vld  and  vapor;  4)  liquid  oxygen;  5) 
liquid  ozone;  6)  two  liquid  phase.:. 

A)  Temperature,  °C;  B)  ozone  content, 
mole-$. 


TABLE  185 

Nature  of  Discharge -Induced  Explosion  in 
Mixtures  of  Ozone  with  Oxygen  [11] 


1  Koimciup 

2  OOkCMH,  % 

aqua  osoim 

3 »«  % 

4 

Arpcrimtoc  coctohiihc 

5 

XapiKTCp  (IPUBA 

11 

15,0 

6  T33* 

M  n  r  k  h  ft  7 

1 4,2 

20,0 

» 

ft 

*  25 

33,3  ' 

ft 

ft 

38 

47,9 

ft 

Pe3Kiiii.  8 

^ii) 

50,0 

9  MlflKOCTb  ** 

Clf/Ibliuii  B3phln  10 

\\ 

1 

■v.,i 

1 

» 

HcTOHamin  11 

initiation  of  explosion  in  gaseous  phase  at 
voltage  of  3000  v  and  interelectrode  distance 
of  0.8  mm. 

**Initiation  of  explosion  in  liquid  phase 
with  voltage  of  15,000  v  and  interelectrode 
distance  of  0.5  mm. 

l)  Ozone  concentration;  2)  %  by  volume;  3)  %  by  weight;  4) 
physical  state:  5)  nature  of  explosion;  6)  gas*;  7)  mild, 

8)  sharp;  9)  liquid**;  10)  powerful  explosion;  11)  detonation. 
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It  has  been  reported  [10]  that  bottles  of  liquid  ozone  have  been 
dropped  from  high  altitude  and  that  the  impact  did  not  produce  explo¬ 
sions.  Then  liquid  ozone  was  subjected  to  60-cycle  vibrations  for  .long 
periods  of  time,  again  without  explosion  as  a  result. 

Ozone  produced  from  oxygen  that  has  not  been  purified  by  the 
above  method  explodes  even  on  boiling.  Ozone  explosions  begin  in  the 
gaseous  phase,  so  that  gaseous  ozone  must  be  handled  with  great  cau¬ 
tion.  Tests  were  carried  out  to  determine  the  sensitivity  of  liquid 
mixtures  of  ozone  with  oxygen  to  pulses  produced  by  high-energy  elec¬ 
tric  discharge.  The  nature  of  the  explosion  in  ozone  of  various  con¬ 
centrations  is  indicated  in  Table  185. 


TABLE  186 

Detonation  Velocity  in  Solu¬ 
tions  of  Ozone  in  Oxygen 


1  Coflcp*anHc  01011a  ■ 
PICTBOPC  KHCJIOPOA-I,  Dec.  %  . 

2  CKOpOCYfe  ACTMAMM, 
m/rm t 

47 

1840 

60 

4260 

81 

6460 

96 

6840 

l)  Content  of  ozone  in  oxygen 
solution,  %  by  weight;  2)  de¬ 
tonation  velocity,  m/sec. 


The  explosive  properties  of  liquid  ozone  and  Its  solutions  In  oxy 
gen  were  studied  In  the  USSR  by  A.Ya.  Apin,  S.A.  Pshezhetskly,  et  al 
(12).  The  properties  studied  were  sensitivity  to  shock,  detonation 

velocity,  and  the  critical  diameter  of  the  tube  In  which  detonation 
can  still  propagate. 

The  researchers  established  that  solutions  of  ozone  In  oxygen  con- 

talmng  58$  of  ozone  are  close  to  nitroglycerin  as  regards  their  sen- 
sitivity  to  shock. 

The  detonation  rates  of  the  ozone -oxygen  solutions  were  investi- 
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TABLE  187 

Susceptibility  of  Solutions  of  Ozone 
in  Oxygen  to  Propagation  of  Detona¬ 
tion  from  No.  8  Detonator  Capsule  in 
Glass  Tubes  20  mm  in  Diameter 


1  KoilllCH- 
T  pa  4  k  It 
01011 1, 
•tc.  % 

2 

Pciy/lbTlTU  onuroo  . 

3 

npKUOHINMO 

37,4 

HcToiiamm  lie  npouwa  4 

KH  Nt  8  +  TCTptMOBaS 

34.4 

To  we  6 

tuatuKa  ^ 

40,2 

ZUTonamm  uamnacb  h  aa- 

* 

47% 

Tyx/ia  7 

AeTOHatiHH  npouuia  8 

B  paetBope  CF«  9 

50% 

To  we  10 

1)  Ozone  concentration,  %  by  weight; 

2)  results  of  experiments;  3)  re¬ 
marks;  4)  detonation  did  not  advance; 
5)  No.  8  capsule  detonator  +  tetryl 
cap;  6)  same;  7)  detonation  began 
and  died  out;  8)  detonation  advanced; 
9)  in  CF^  solution;  10)  same. 


gated  photographically.  The  light  from  detonation  of  charges  of  ozone- 
oxygen  solutions  was  fixed  with  a  photographic  registering  device  on 
high-sensitivity  film  strips.  The  detonation  rate  was  computed  from 
the  angle  of  inclination  of  the  detonation  trace  on  the  film.  The  de¬ 
tonation  rate  was  measured  in  ozone-oxygen  solutions  containing  47,  60, 
80,  and  96$  of  ozone.  The  detonation  rates  in  solutions  containing  47 
to  80$  of  ozone  in  oxygen  were  measured  in  glass  tubes  15-18  mm  in  di¬ 
ameter.  The  charge  was  250-300  mm  long,  and  was  fired  by  a  No.  8  de¬ 
tonator  capsule. 

The  detonation  rates  of  solutions  containing  96$  ozone  were  meas¬ 
ured  in  a  2 -mm  glass  tube  10  cm  long.  In  this  case,  the  detonation  was 
initiated  by  a  glow  wire. 

Table  186  shows  the  results  of  the  detonation-velocity  measure¬ 
ments. 

No  detonation  occurred  in  37$  solutions  of  ozone  in  oxygen;  Fig. 
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234  shows  the  detonation  rate  of  ozone  solutions  as  a  function  of  the 
ozone  concentration  in  the  oxygen.  The  detonation  rate  of  100#  liquid 
ozone  is  about  7000  m/sec,  which  corresponds  to  the  detonation  rate  of 
TNT. 


Pig.  234.  Detonation  rate  in 
ozone-oxygen  solutions  as  func¬ 
tion  of  ozone  content.  1)  u, 
m/sec. 


Pig*  235*  Critical  diameters 
of  ozone-oxygen  solutions,  l) 
Critical  diameter,  mm;  2) 
weight  fraction  of  oxygen. 


The  critical  diameter  of  a  liquid-ozone  charge,  l.e.,  the  minimum 
charge  diameter  at  which  detonation  arises,  was  determined  in  fine 
capillaries  and  glass  tubes  with  diameters  of  the  order  of  19-38  mm 
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TABLE  188 

Critical  Diameter  at  which 
Propagation  of  Detonation  is 
Still  Possible  in  Ozone-Oxygen 
Mixtures 


1  C«MP*>**Kt  o>o*i, 

»«  % 

2 

KpMTNICCKHA  XMMCTP,  MM 

32  • 

>100 

37 

>30 

/.7 

<'*,5 

58 

<0,0 

Oft 

<0,15 

1)  Ozone  content,  $  by  weight; 

2)  critical  diameter,  mm. 


and  wall  thicknesses  of  0.5  mm  (Fig.  235). 

In  no  case  was  detonation  observed  when  a  33$  solution  of  ozone 
in  oxygen  was  ignited  in  glass  tubes  with  diameters  up  to  38  mm  placed 
inside  copper  tubes  with  wall  thicknesses  from  2.5  to  6  mm.  The  explo¬ 
sions  were  initiated  by  a  No.  8  detonator  capsule.  The  results  of  the 
experiments  are  given  -in  Tables  187  and  188. 

The  data  obtained  permit  approximate  evaluation  of  the  critical 
diameters  of  ozone-oxygen  solutions  of  various  compositions. 

Ozone  can  be  produced  by  many  different  methods.  However,  it  ap¬ 
pears  that  only  two  methods  can  be  of  technical  value:  1).  transforma¬ 
tion  of  oxygen  into  ozone  by  glow  discharge;  2)  the  thermal  method. 

Pew  methods  involving  the  use  of  radioactive  radiation  may  also 
offer  interest. 

In  the  former  method,  oxygen  is  passed  into  the  space  between  two 
glass  tubes.  The  inside  of  the  inner  tube  and  the  outside  of  the  outer 
tube  are  covered  with  tinfoil,  to  which  a  potential  difference  of 
10,000-50,000  volts  is  applied,  with  the  result  that  a  silent  electric 
discharge  arises  between  these  electrodes  and  the  oxygen  is  partially 
converted  into  ozone.  Under  such  conditions,  equilibrium  is  established 


between  the  oxygen  and  the  ozone.  The  ozone  yield  runs  as  high  as  14$. 

Ozone  can  be  separated  from  mixtures  with  oxygen  due  to  the  dif¬ 
ference  between  the  boiling  points  of  these  two  substances.  There  are 
reports  that  if  the  ozone -producing  process  is  carried  out  at  a  tem¬ 
perature  near  that  of  liquid  air  {— 190°),  with  certain  modifications 
to  the  ozonator  design,  ozone  can  be  obtained  from  oxygen  with  a  99$ 
yield. 


Fig.  236.  Diagram  of  apparatus 
for  producing  liquid  ozone.  1) 
Oxygen  from  bottles;  2)  oxygen 
purifier;  3)  feed  regulator; 

4)  ozonator;  5)  outlet  for  gas¬ 
eous  oxygen;  6)  coolant,  liq¬ 
uid  oxygen  at  -I830;  7)  liquid 
ozone;  8)  condenser. 


The  thermal  method  of  producing  ozone  consists  in  partial  conver¬ 
sion  of  oxygen  into  ozone  at  high  temperatures.  On  the  basis  of  the 
equilibrium  calculation 

30,  2  20, 


the  following  quantities  of  ozone  can  be  obtained  in  mixtures  with 
oxygen: 

Temperature,  °C .  1296  2048  4500 

0^  yield,  $  by  weight .  0.1  1.0  10.0 

Decomposition  of  the  ozone  can  be  prevented  by  rapid  cooling  of 

the  resulting  mixture,  so  that  ozonated  oxygen  is  produced. 

It  is  possible  to  use  liquid  oxygen  as  the  starting  point  for 
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conversion  of  oxygen  into  ozone.  For  this  purpose,  a  platinum  wire  is 
heated  in  liquid  oxygen.  On  contact  with  the  incandescent  solid,  the 
oxygen  evaporates  and  is  transformed  into  ozone,  and  the  ozone  dis¬ 
solves  in  the  liquid  and  diffuses  into  the  cold  oxygen  layers.  Thus, 
the  liquid  oxygen  is  progressively  enriched  by  ozone  up  to  concentra¬ 
tions  of  the  order  of  %.  This  method  of  producing  ozone  is  economi¬ 
cally  unsuitable  because  of  the  large  amounts  of  electric  power  re¬ 
quired  and  the  considerable  evaporation  of  the  liquid  oxygen,  although 
its  simplicity  does  render  it  attractive. 

It  has  been  proposed  that  oxygen  be  converted  into  ozone  by  bom¬ 
bardment  with  fast  electrons  [11]. 

Ozone  can  also  be  produced  by  electrolysis  of  aqueous  solutions 
of  sulfuric  acid;  the  result  is  a  gas  with  a  high  ozone  content  [8]. 

It  has  been  shown  [9] 'that  in  producing  liquic  mixtures  of  ozone 
with  oxygen,  it  is  highly  important  to  guarantee  purification  of  the 
oxygen  entering  the  mixture,  as  well  as  to  protect  the  system  from 
possible  contamination.  Cleanliness  of  the  apparatus  is  an  extremely 
important  point.  Thus,  borosillcate-glass  apparatus  is  treated  with 
chromic  acid  and  then  washed  with  distilled  water.  Before  beginning 
work,  the  equipment  is  subjected  to  treatment  with  a  gas  containing 
from  10  to  50$  of  ozone  mixed  with  oxygen. 

Figure  236  shows  a  diagram  of  an  apparatus  for  producing  liquid 
ozone;  this  was  developed  In  the  research  center  at  the  Illinois  Tech¬ 
nological  Institute  in  Chicago  [9]. 

To  produce  liquid  ozone,  gaseous  oxygen  under  a  pressure  of  0.7 

p 

kgf/cm  is  passed  through  a  purifier  and  enters  an  ozonator,  where 
from  1  to  6%  of  ozone  is  formed.  This  mixture  enters  a  condenser.  The 
ozone  is  condensed  at  a  temperature  of  -112°  and  a  partial  pressure  of 

p 

1  kgf/cm  and  collected  in  the  condenser,  while  the  gaseous  oxygen, 
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the  condensation  temperature  of  which  is  -1830,  ls  diverted  from  the 

condenser.  The  liquid  ozone  is  drained  from  the  condenser  as  necessary 
into  other  containers. 


Fig.  237«  Diagram  of  apparatus 
for  producing  liquid  ozone  and 
mixtures  of  ozone  with  oxygen 
with  oxygen  recirculation.  1)' 
from  bottle;  2)  oxygen 
purifier;  3)  recirculation 
Pump;  4)  oxygen-feed  regulator 


ozonator;  6)  heat  exchangers 
solution  of  ozone  in  oxygen. 


< 


Pig.  238.  External 
dustrial  apparatus 


appearance  of  in- 
I or  producing  ozone. 


-  680  - 


— 1 


Fig.  239-  Industrial  reactor  for  pro¬ 
duction  of  ozone. 


When  solutions  of  ozone  in  liquid  oxygen  are  produced  (Fig.  237), 
che  gases  emerging  from  the  ozonator  pass  into  the  condenser  through 
the  liquid-oxygen  purifier.  Here,  the  ozone  condenses,  while  the  gas¬ 
eous  oxygen  bubbles  through  liquid  oxygen  and  is  released  into  the 
atmosphere.  This  process  is  continued  until  the  ozone  concentration 
reaches  the  necessary  value;  here,  it  is  sometimes  necessary  to  run 
additional  quantities  oi  purified  liquid  oxygen  into  the  condenser.  To 
avoid  losses  of  the  purified  oxygen  passing  through  the  condenser,  'it 
is  redirected  into  the  recirculation  system. 

Recirculation  makes  it  possible  to  reduce  the  amount  of  oxygen 
consumed  in  producing  the  ozone.  Since  the  evaporating  oxygen  has  a 
temperature,  it  can  be  used  to  cool  the  gaseous  ozone-oxygen  mix¬ 
ture  arriving  from  the  ozonator,  as  well  as  the  oxygen  entering  the 
ozonator;  special  cooling  units  are  set  up  for  this  purpose.  In  this 
case,  the  over-all  efficiency  of  the  unit  is  raised. 

According  to  published  reports,  the  w'orking  experience  of  the  Il¬ 
linois  Technological  Institute  research  center  indicates  that  when  the 
necessary  precautionary  measures’  are  taken,  the  experimental  apparatus 
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is  capable  of  producing  highly  concentrated  gaseous  and  liquid  ozone 
and  can  be  used  without  danger  of  explosion. 

However,  it  should  not  be  forgotten  here  that  ozone  is,  in  itself, 
an  explosive  substance,  since  it  has  a  high  heat  of  decomposition  on 
the  same  level  of  those  of  explosives. 

Ozone  is  in  production  on  an  industrial  scale  at  the  present  time 
for  various  technical  purposes. 

Thus,  a  report  [13 ]  has  appeared  concerning  the  performance  of  an 
industrial  installation  for  the  production  of  ozone  and  the  engineering 
problems  encountered  in  using  large  quantities  of  ozone  in  industry, 
including  those  of  industrial  safety;  the  uses  of  ozone  in  technologi¬ 
cal  processes  were  also  touched  upon. 

Figure  238  shows  an  industrial  installation  for  producing  ozone 
from  oxygen,  and  Fig.  239  the  reactor  of  this  installation. 

During  storage  of  solutions  of  ozone  in  liquid  oxygen,  the  oxygen 
evaporates  preferentially  from  solution,  with  the  result  that  the  solu¬ 
tion  becomes  enriched  in  ozone. 

It  appears  that  liquid  mixtures  of  ozone  with  oxygen  are  less  dan¬ 
gerous  beginning  at  an  ozone  concentration  of  about  25$. 

To  prevent  possible  ozone-storage-tank  explosions,  liquid  oxygen 
should  be  added  to  these  solutions,  or  helium  oxygen  condensers  should 
bo  employed  to  eliminate  oxygen  losses. 

The  question  of  practical  use  of  ozone  as  a  liquid-rocket  oxidant 
is  still  open  and  requires  a  large  volume  of  scientific  research  work, 
although  it  has  been  reported  in  recent  years  [15]  that  the  USA  has 
solved  the  problem  of  using  20-25$  solutions  of  ozone  in  oxygen  and 
recommended  use  of  such  an  oxidant  for  rocket  engines. 
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Chapter  4 

FLUORINE,  FLUORINE  COMPOUNDS,  AND  OXYGEN  COMPOUNDS  OF  CHLORINE 
1.  FLUORINE 

During  the  past  ten  years,  liquid  fluorine  and  certain  of  its 
compounds  have  been  subjected  to  a  thorough  study  with  respect  to 

TABLE  189 

Characteristics  of  Fluorine  Oxidizers 
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l)  Oxidizer:  2)  formula:  3)  density:  4)  molecular  weight;  5)  tempera¬ 
ture,  °C;  6)  melting;  7)  boiling;  8)  heat  of  formation,  kcal/mole; 

9)  viscosity,  centipoises;  10)  liquid  fluorine;  11)  perchlorvlfluo- 
ride;  12)  chlorine  trifluoride;  13)  bromine  pentafluoride ;  l4)  nitro¬ 
gen  trifluoride;  15)  oxygen  difluoride;  16)  fluorine  nitrate;  17) 
tetrafluoride  hydrazine;  18)  for. 

their  utilization  as  oxidizers  for  rocket  propellants. 

Among  the  known  fluorine  compounds,  particular  attention  Is 
drawn  to  the  following  'substances  (Table  189).  Of  the  enumerated  com¬ 
pounds,  liquid  fluorine,  chlorine  trifluoride,  and  bromine  pentafluo¬ 
ride  are  being  produced  on  an  industrial  scale  since  the  Second  World 
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War.  These  compounds  are  being  used  for  the  fluorination  of  uranium 
in  order  to  separate  uranium  from  waste  atomic-reactor  fuels  and  to 
derive  fluorinated  hydrocarbons  and  polymers. 

Perchlorylfluoride  was  first  obtained  in  1952  and  is  now  being 
produced  by  many  plants  in  the  USA  [1].  Let  us  examine  in  detail  a 
number  of  fluorine  oxidizers. 

Fluorine  and  its  compounds  with  oxygen  and  halogens  are  powerful 
oxidizers  that  far  exceed  all  remaining  oxidizers.  They  are  regarded 
in  the  literature  as  possible  oxidizers  for  rocket  propellants  [1,  2]. 
Together  with  hydrocarbons,  fluorine  yields  propellant  mixtures  ex¬ 
hibiting  advantages  with  respect  to  energy  over  oxygen-based  pro¬ 
pellants.  However,  the  utilization  of  fluorine  as  an  oxidizer  for 

hydrocarbons  is  complicated  by  the  high  toxicity  of  fluorine  and  its 
low  boiling  point. 


Fig.  2-40.  Change  in  the  density  . 
of  liquid  fluorine  as  a  function 
of  temperature,  l)  Density,  g/cm3; 
2)  temperature,  oq , 


Fig.  24-1 . . Change  in  surface  ten¬ 
sion  of  liquid  fluorine  as  a  func¬ 
tion,  of  temperature.  1)  Surface 
tension,  dyn/cmj  2)  temperature,  °C . 


Fluorine  -  a  greenish-green  gas  and  yellow  in  color  in  the  liquid 
state  -  has  a  boiling  point  of  -  188.30  and  a  melting  point  of  -  218°; 
the  latent  heat  of  vaporization  is  1.581  kcal/mole  [3]. 
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Until  recently,  concepts  with  regard  to  the  density  of  fluorine 
in  the  liquid  state  at  the  boiling  point  were  based  on  data  derived 
by  Moissan  as  far  back  as  1897  [4].  According  to  Moissan,  the  density 
of  fluorine  is  p  =  1.14.  In  1937  [5],  data  on  the  density  of  liquid 
fluorine  at  the  boiling  point  were  published,  and  these  indicated 

fc  licit  p  2.87^ 

Two  reports  appeared  in  1952  [6,  7]  on  the  density  of  fluorine 
in  the  liquid  state. 

Kel'ner  and  his  co-authors  [6]  give  the  density  of  liquid  fluo¬ 
rine  for  -  196°  as  equal  to  1.54  t  °*2* 

The  Jet  Propulsion  Laboratory  of  the  California  Institute  of  Tech 

no logy  undertook,  on  special  assignment,  a  detailed  investigation  of 
the  density,  viscosity,  and  surface  tension  of  liquid  fluorine  at  tem¬ 
peratures  ranging  from  —  l8f  to  —  207  [7l« 

The  density  of  liquid  fluorine  according  to  this  investigation 

is  presented  in  Table  190.  , 

The  graphical  change  in  the  density  of  liquid  fluorine  as  a 
function  of  temperature  Is  presented  in  Fig.  240. 

The  viscosity  of  liquid  fluorine  for  various  temperatures  is 

presented  in  Table  191. 

The  change  in  the  surface  tension  of  liquid  fluorine  as  a  func¬ 
tion  of  temperature  is  presented  in  Fig.  24 1 . 

The  viscosity  of  liquid  fluorine,  in  poises,  can  also  be  cal¬ 
culated  by  the  following  empirical  equation  (Table  191): 

n  =  2,43xlO'4Xcm'r 

According  to  data  from  Japanese  investigators  [5] ,  the  vapor 
pressure  of  liquid  fluorine  can  be  expressed  by  the  following  equa- 

tlon:  log  p  =  9.1975  -  (442‘72/T)  -  0 . 013150 ‘T 

Fluorine  occurs  in  approximately  the  same  quantities  in  nature 
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TABLE  190 

Density  of  Liquid  Fluorine  [7] 
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—188,7 
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-105,2 

1,502  ±0,002 

187,8 

1,509±0,002 

1)  Temperature, . °C;  2)  density;  3)  tem¬ 
perature,  °C;  4)  density. 

as  does  nitrogen  or  sulfur,  and  occurs  in  substantially  greater  quan¬ 
tities  than  bromine.  Fluorine  is  extremely  toxic,  resulting  in  re¬ 
spiratory  tract  irritation  (a  concentration  of  0.0008  mg/liter  is 
still  toxic)  .  In  pure  form,  gaseous  fluorine  is  also  harmful  to  the 
skin.  As  protection  against  the  harmful  effects  of  fluorine,  we  can 

TABLE  191. 

Viscosity  of  Liquid  Fluorine  as  a  Function  of 
Temperature  [7] 
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1)  Temperature,  °C;  2)  viscosity,  centipoises; 

3)  temperature,  °C;  4)  viscosity,  centipoises. 

recommend  an  oxygen  gasmask  or  a  mask  connected  by  a  tube  to  a  pure- 
air  source. 

Fluorine  exhibits  pronounced  chemical  activity.  For  example,  it 
combines  with  such  elements  as  chlorine  and  oxygen.  Chlorine  burns  in 
a  fluorine  atmosphere.  Hydrocarbons  burn  equally  as  well  in  fluorine 
as  they  do  in  oxygen. 

In  Germany  fluorine  was  stored  and  transported  in  steel  flasks 
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under  a  pressure  of  160  atm.  Each  flask  contained  1  kg  of  fluorine 
[3).  Fluorine  can  also  be  stored  in  nickel  and  steel  flasks  under  a 
pressure  of  30  atm  [9]* 

The  Industrial  production  of  fluorine  was  undertaken  during  the 
Second  World  War  in  connection  with  the  needs  of  the  atomic-energy 
industry.  Prior  to  1940,  fluorine  served  as  a  rare  chemical  reagent. 

During  the  war,'  in  Germany,  approximately  50  tons  of  fluorine 
were  produced  each  month.  The  industrial  method  for  the  production 
of  fluorine  involves  the  electrolysis  of  a  mixture  of  potassium  fluo¬ 
ride  and  hydrogen  fluoride  [8], 

The' basic  source  for  the  derivation  of  fluorine  is  fluorite 
CaFg .  In  1957,  1.7  million  tons  of  this  material  were  obtained 
throughout  the  world  (without  the  USSR),  of  which  O.785  million 
tons  were  from  the  USA. 

The  known  worldwide  reserves  of  fluorspar  amount  to  66  million 
tons,  having  a  CaF2  content  in  excess  of  35#.  At  the  same  time,  re¬ 
serves  of  fluorine  with  phosphates,  on  the  basis  of  pure  fluorine, 
amount  to  870  million  tons,  which  is  equivalent  to  1780  million  tons 
of  fluorspar.  Fluorine-bearing  ores  are  processed  into  calcium  fluo¬ 
ride  which,  in  1957,  was  employed  in  the  following  areas  [1], 

Metallurgy .  241.3  thousand  tons  (38$) 

Chemical  industry...  328.7  thousand  tons  (51$) 

Ceramics .  37.3  thousand  tons  (  6$) 

Other  areas .  35-6  thousand  tons  (  5$) 

Calcium  fluoride  is  used  in  the  chemical  industry  almost  exclu¬ 
sively  for  the  production  of  hydrogen  fluoride  of  97-99$  purity. 

Elementary  fluorine  is  obtained  by  the  electrolysis  of  a  solu¬ 
tion  of  potassium  fluoride  and  hydrogen  fluoride;  it  is  purified  of 
HF  to  a  content  of  99.9$.  The  USA  produces  1000  tons  of  fluorine 
annually.  The  liquefaction  of  fluorine  is  accomplished  by  cooling  it 
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with  liquid  nitrogen. 

Dry  fluorine  does  not  corrode  soft  steel  more  actively  than 
liquid  oxygen;  however,  every  effort  snould  be  made  to  avoid  having 
the  dry  fluorine  come  into  contact  with  organic  compounds  and  water. 

Liquefied  fluorine  is  poured  into  flasks  for  purposes  of  trans¬ 
portation;  a  pressure  of  up  to  27  atm  is  used  for  the  storage  of  the 
fluorine  in  the  flasks.  In  1957,  in  the  USA,  liquid  fluorine  cost 
$13,250  per  ton,  whereas  the  cost  of  liquid  oxygen  was  $110. 

Liquid  fluorine  is  apparently  being  used  in  rocket  engineering 
at  the  moment  in  experimental  rocket  engines  developing  thrust  of 
between  5  and  30  tons.  Special  methods  have  been  developed  for  this 
purpose  of  producing,  storing,  the  transporting  liquid  fluorine. 

Jackets  are  employed  on  storage  tanks  for  liquid  fluorine,  and 
these  jackets  are  filled  with  liquid  nitrogen  having  a  temperature 
of  -  195. 5°,  whereas  fluorine  boils  at  -  187.9°.  The  jacket  in  turn 
is  vacuum  insulated.  Liquid  fluorine  can  be  stored  in  a  tank  of  this 
type  for  15  to  25  days,  with  a  daily  loss  not  exceeding  0.75$.  Stain¬ 
less  steel,  nickel,  or  aluminum  can  be  used  as  the  material  for  these 
tanks.  Liquid  fluorine  can  be  stored  up  to  25  days  in  experimental 
tanks  with  a  capacity  of  2.3  tons.  The  tank  is  designed  to  provide 
for  the  storage  of  liquid  fluorine  for  a  period  of  24  hours  without 
the  liquid-nitrogen  jacket.  Should  it  become  necessary,  liquid  fluorine 
can  be  transported  in  special  railroad  tank  cars  having  a  capacity 
of  25  tons. 

Of  the  organic  materials,  only  teflon  is  stable  in  fluorine  be¬ 
low  199° ■  The  maximum  concentrations  of  fluorine  in  air  must  not  ex¬ 
ceed  0.0001$. 

2.  FLUORINE  MONOXIDE  FgO  AND  TETRAFLUOROUYDRAZINE  N0F^ 

Among  the  possible  oxidizers,  fluorine  monoxide  deserves  special 
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attention,  since  it  consists  of  two  elements  each  being  a  powerful 
oxidizer. 

Vapor  pressure  (tension),  density,  and  viscosity  of  F20  are 
determined  by  the  following  equations  [10]: 

log  p  =  7.3892  -  (578.64/t) 
p  =  2.1315  -  0. 004695 -T 

log  t)  =  (131. 5/T)  -  1.5768  (in  centipoises,  ranging  from  -  152.8  to 

-145.8°) 

The  boiling  point  of  a  specimen  containing  99.8#  F20  is  -  144.8° 
and  the  melting  point  is  -  223.8°  [2];  the  critical  temperature  and 
pressure  is  -  58. 0°  and  48.7  atm,  respectively. 

Fluorine  monoxide  is  a  weak  endothermic  compound  and  its  heat 
of  formation  in  the  following  reaction 

VjOj  +  Fj  -*  FjO  —  7,6  kcal/g-mole 
amounts  to  130  kcal/kg. 

The  thermal  decomposition  of'FgO  takes  place  slowly  and  the 
magnitude  of  its  energy  of  activation  within  a  range  of  250  to  270° 
amounts  to  4l  kcal/g-mole. 

At  300°,  72 %  F20  decomposes  and  forms  fluorine  and  oxygen. 

Because  of  the  high  energy  of  decomposition  activation,  fuorine 
monoxide  can  be  mixed  with  hydrogen,  methane,  and  similar  substances 
without  producing  ignition  as  is  the  case  when  the  above-mentioned 
substances  are  mixed  with  fluorine. 

Concentrated  alkaline  solutions  quickly  decompose  fluorine 
monoxide . 

Fluorine  monoxide  is  characterized  by  pronounced  oxidation  prop¬ 
erties'  similar  to  those  of  ozone. 

fluorine  monoxide  is  produced  by  passing  fluorine  through  a 
27#  alkaline  solution  in  the  following  reaction 

2Fa  4-  2NaOH  -  F.O  4-  2NaF  +  FLO. 
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The  fluorine  monoxide  yield  Is  b%.  This  contains  admixtures  of 
oxygen  and  hydrogen  fluoride  [10,  11].  The  other  oxygen  fluoride 
0^2  is  unstable  and  decomposes  easily. 

In  recent  years,  a  new  oxidizer  for  rocket  engines  has  been  pro¬ 
posed,  i.e.,  tetrafluorohydrazine  N2F4  [11a].  This  is  derived,  in 
addition  to  nitrogen  fluoride,  by  the  fluorination  of  ammonia: 

NMd  +  F,->  NHFj,  NF„  N,F4. 

A  process  has  been  developed  in  the  USA  for  the  derivation  [lib] 
of  NgF^  from  NF^  and  carbon  in  the  boiling  layer  at  375°C: 

2NFj  -!-  y  C  ->  NjF4  ~ CF4. 

The  tetrafluorohydrazine  yield  is  75#.  In  addition  to  the  carbon,  for 
the  conversion  of  the  nitrogen  trifluoride  into  tetrafluorohydraz » ne 
powders  of  various  metals  are  recommended,  i.e.,  copper,  antimony,  etc. 

The  vapor  pressure  of  tetrafluorohydrazine  can  be  found  from  the 
following  formula: 


log  p(mm  Hg)  =  -  (692/T)  +  6.33. 

The  critical  temperature  for  ^  is  +  36°  and  the  critical  pres- 
sure  is-/7,  atm;  the  heat  of  vaporization  is  3170  cal/mole. 

3  ■  TRIFLUORIDE,  BROMINE  PENTAFLUORIDE,  AND  FLUORINE-SUB¬ 
STITUTED  HYDROCARBONS  [3,  8,  12]  ^ 


Compounds  of  this  type  are  halogen  derivatives  of  fluorine.  These 
include:  C1F,  CIF^  BrF,  BrF^,  BrF^,  JF^  and  JF7< 

Chlorine  trifluoride  is  a  light-green  gas  whose  boiling  point  is 
+  11.3°  and  whose  melting  point  is  -  76.3°. 

The  density  of  CIF^  in  the  liquid  state  is  equal  to  1.85  at  the 
boiling  point . 

Chlorine  trifluoride  is  an  extremely  reactive  substance.  Fiber- 
glas  and  many  organic  substances  burst  into  flame  on  contact.  C1F0 
produces  an  explosion  [ "a  noise  like  a  shot"]  on  coming  into  contact 
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with  water. 

The  boiling  point  of  bromine  pentafluoride  is  +  40.76  ,  the 
melting  point  is  -  61.23°,  and  the  density  is  equal  to  2.4?  at  +  20°; 
at  the  boiling  point  the  density  is  equal  to  -  2.41. 

The  density  and  vapor  pressure  of  the  liquid  fluorides  CIF^  and 

I3rFr-  can  be  calculated  according  to  the  following  equation: 

5 

d  »  A  -  B  T, 

where  T  is  the  temperature  (°K);  A  and  B  are  constants  equal  to 
3.496  and  0.000346  for  BrF^  and  equal  to  2.729  and  0.00307  for 
C1F  .  The  vapor  pressure  is  determined  by  the  following  equation: 

log  p  =  D  -  e/T  +  F/T2, 

where  D,  e.  and  F  are  constants  that  are  equal  to  8.0716,  1627. 1, 
and  0  for  BrF^,  and  equal  to  7*42.  1292,  and  0  for  CIFy 

The  magnitude  of  the  thermal  effect  of  the  rea,  ’:n  in  which  the 

chlorine  trifluoride  is  formed  amounts  to: 

V,CI,  +  j/:F2  -  ClFj  +  37,0  local . 

It  is  assumed  that  chlorine  trifluoride  is  capable  of  dimeriza¬ 
tion  according  to  the  following  equation: 

2C1I-3  -  (GIF;,),  +  3,3  kcal . 

Chlorine  trifluoride  is  obtained  through  the  direct  interaction 
of  fluorine  with  chlorine  in  a  mixture  with  nitrogen,  in  a  copper  or 
nickel  reactor  at  280°.  A  fitting  covered  with  nickel  fluoride  is 
placed  into  the  reactor.  Chlorine  trifluoride  is  separated  from  the 
gas  mixture  through  the  cooling  of  the  reaction  mixture  to  —  JO  . 

Chlorine  trifluoride  can  be  stored  in  containers  of  conventional 

steel . 

Bromine  pentafluoride  is  obtained  directly  from  fluorine  and 
bromine.  For  this,  the  fluorine  together  with  the  bromine,  diluted 
with  nitrogen,  are  passed  through  a  copper  reactor  at  200-300°.  Bromine 
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pentafluoride  is  condensed  in  the  cooling  of  the  reaction  mixture  to 
-  20°. 

Prior  to  the  Second  World  War,  halogen  derivatives  of  fluorine 
were  obtained  in  small  quantities  in  laboratories  and  were  quite  in¬ 
accessible  . 

During  the  Second  World  War,  as  a  result  of  the  development  of 
the  industrial  production  of  fluorine,  the  situation  changed  radically. 
For  example,  in  Germany,  chlorine  trifluoride  was  scheduled  for  use 
as  an  ignitor.  In  this  connection,  a  plant  was  built  at  Falkenhagen 
and  the  plant  was  scheduled  for  the  production  of  more  than  l800  tons 
of  chlorine  trifluoride  annually. 

Chlorine  trifluoride  and  bromine  pentafluoride  have  now  become 
accessible  and  are  being  produced  industrially.  The  scale  of  their 
industrial  production  is  difficult  to  evaluate.  Approximately  in  1950, 
Installations  for  the  production  of  these  materials  in  the  USA  were 
still  in  the  drafting  stage.  At  that  time  it  was  assumed  that  the 
fluorine  halogens  will  find  great  industrial  application  [1], 

According  to  reports  in  1956,  chlorine  trifluoride  was  regarded 
as  an  oxidizer  for  rocket  propellants  in  the  USA  [ ] 3 ] - 

A  mixture  of  FCIO^  (40 %)  and  CIF^  (60$)  is  of  interest  as  an 
oxidizer  because  it  exhibits  lower  vapor  pressure  than  perchlorylfluo- 

n  1  r]  0 

In  addition  to  chlorine  and  bromine  fluorides,  the  USA  has  under¬ 
taken  the  production  of  a  new  oxidizer,  i.e.,  perchlorylf luoride 

fcio3. 

Compounds  of  fluorine  and  carbon  serve  as  oxidizers  for  met a. Is 
[14],  since  the  splitting  of  the  C-F  bond  and  the  formation  of  the 
Me-F  bond  is  associated  with  the  liberation  of  a  great  quantity  of 
heat : 
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C„F:»  4-  «Mg  ~>  /iMgFj  +  nC  +  Q. 


Fluorine-bearing  organic  compounds  are  obtained  by  the  action  of 
inorganic  compounds  of  fluorine  (CoFy  MnF^)  or  fluorine  diluted  with 
nitrogen  on  hydrocarbons  in  the  presence  of  catalysts.  Under  these 
conditions,  all  of  the  hydrogen  atoms  in  the  hydrocarbons  can  be  re¬ 
placed  by  fluorine,  and  such  compounds  are  referred  to  as  fluorocar¬ 
bons.  The  fluorination  of  various  petroleum  fractions  results  in  the 
production  of  fluorine-containing  liquids  that  are  used  as  special 
lubricants.  The  polymerisation  of  fluoro-olef ins  such  as,  for  example, 
tetrafluoroethylene  C2F^,  results  in  high-molecular  fluorine-bearing 
substances  ( C 2^4 ) r  usec*  as  fluorine  plastics. 

Fluorocarbons  and  fluorine  liquids  are  extremely  stable  sub¬ 
stances  whose  boiling  point  is  somewhat  lower  than  that  of  the  initial 
hydrocarbons  (Table  192). 

TABLE  192 

Properties  of  Fluorocarbons 
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1,799 

l)  Initial  hydrocarbon;  2)  fluorocarbon;  3)  boil¬ 
ing  point,  OC;  4)  melting  point,  °C;  5)  density 
at  20°;  6)  heptane;  f)  octane;  8)  methylcyclo- 
hexane;  9)  low. 

The  fluorocarbons,  obtained  from  petroleum  fractions,  and  the 
fluorine  plastics  are  used  in  industry  in  working  with  aggressive 

media . 

The  industrial  capacity  for  the  production  of  organic  fluorine 
derivatives  in  the  USA  reached  205-245  thousand  tons  annually  in  1957 

[16]  . 
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TABLE  193  ,  . 

properties  of  Oxygen  Compounds  of  Chlorine  [  51 
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l)  Compound;  2)  formula;  3)  .gg^S^chlorine* monoxide; 
ing;  5)  boil^n.2.P^cSoKie7heXox?de;  10)  chlorine 
8)  chlorine  d*°*ide’  ?Lous  acid;  12)  chlorous  acid; 

“Hiri  i 

SutCfl^doe^V^ode,  hut  is  not  stable  in 
pure  form. 

4  PERCHLORIC  ACID  AMD  OXIDES  OF  CHLORINE  [17] 

Oxygen  compounds  of  chlorine  are  active  oxidizers.  Anhydrous 

perchloric  acid  was  suggested  as  an  oxidizer  for  rocXet  propellants. 
Of  the  oxygen-containing  acids  of  chlorine  perchloric  acid  is  the 
most  stable  compound.  The  salts  of  the  oxygen-containing  acids  o 
chlorine  are  quite  stable  and  find  practical  application  as  oxid  zers 
i„  industry  and  in  the  fabrication  of  new  rocXet  powders  (grains, 
however,  they  are  not  used  in  liquid  reaction  (rocXet)  propellants. 
The  properties  of  the  oxygen  compounds  of  chlorine  are  presente 

Table  193-  ,,  . 

Of  the  oxygen  compounds  of  chlorine,  only  perchloric  acid 

compound  that  does  not  explode  in  its  pure 

Anhydrous  perchloric  acid  (pure)  is  a  colorless  liquid  with  a 

specific  weight  of  1.767  (at  20°),  which  solidifies  at  -  112  ■  « 
does  not  distill  without  decomposition  at  atmospheric  pressure.  At  a 
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temperature  of  about  90°,  vigorous  decomposition  begins.  Perchloric 
acid  distills  without  decomposition  only  in  a  vacuum.  The  boiling 
point  of  perchloric  acid  is  +  l6°  at  18  mm  Hg;  +  30°  at  50  mm;  and 
+  50-51°  at  100  mm. 

The  heat  of  formation  for  anhydrous  perchloric  acid  in  accord¬ 
ance  with  the  following  equation 

VjHj  +  VA  +  20s  ->  HCI04 

is  equal  to  19*35  kcal. 

The  formation  of  perchloric  acid  is  accompanied  by  the  absorp¬ 
tion  of  heat.  This  explains  its  relative  stability. 

The  reaction  of  the  total  decomposition  of  perchloric  acid  takes 
place  with  heat  liberation: 

HCIO4  -  V.HjO  +VA  +  1 ,750*  +15,7  kcal .' 

Only  158  kcal  are  liberated  per  1  kg  of  material,  and  this  is 
inadequate  in  order  to  provide  for  independent  destructive  decomposi¬ 
tion.  Therefore,  perchloric  acid  does  not  explode  under  the  action  of 
an  impact,  friction,  or  a  detonator.  However,  the  addition  of  only 
3^  of  organic  substances  to  the  perchloric  acid  produces  an  extremely 
explosive  mixture.  The  organic  substance  may  be  dissolved  in  the 
perchloric  acid  without  resulting  in  any  chemical  interaction,  but 
in  the  case  of  heating  or  impact  such  a  mixture  will  detonate.  Many 
substances  (amines,  unsaturated  compounds,  rubber,  paper,  fiber,  and 
wood)  are  hypergolic  when  placed  in  contact  with  perchloric  acid.  The 
hypergolic  ignition  sometimes  takes  place  vigorously,  i.e.,  with  an 
explosion.  Pure  perchloric  acid  is  not  a  completely  heterogeneous 
substance.  In  the  equilibrium  state,  it  contains  a  certain  quantity 
of  perchloric  anhydride  and  water,  bound  to  form  the  hydrate  of  the 
perchloric  acid.  Perchloric  anhydride  is  an  unstable  substance  and 
decomposes  into  oxygen  and  chlorine  monoxide,  and  this  serves  to  ex- 
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plain  the  decomposition  of  the  perchloric  acid  during  storage; 

3HC104  ?!  CIA  +  HaO  HCIO« 

CIA  -  2CIO,  +  ll/A 

The  oxygen  is  removed  from  the  perchloric  acid  as  it  is  formed 
and  produces  pressure  in  a  closed  container.  The  increase  in  pressure 
with  time  can  result  in  the  collapse  of  the  vessel.  The  chlorine 
dioxide  that  is  formed  has  a  boiling  point  of  +  20°.  It  accumulates 
in  the  perchloric  acid  as  it  is  formed,  tinting  the  acid  a  greenish 
color  at  first,  then  brown,  and  finally  a  dark-brown  color. 

Chlorine  dioxide  is  an  extremely  unstable  substance  and  the  ex¬ 
plosions  of  decomposing  perchloric  acid  can  therefore  be  explained 
by  the  apparent  accumulation  within  it  of  the  chlorine  dioxide. 

The  decomposition  of  perchloric  acid  is  speeded  up  by  the  pro¬ 
ducts  of  the  decomposition,  i.e.,  the  decomposition  is  self-catalytic 
in  character.  At  room  temperature,  the  decomposition  of  perchloric 
acid  becomes  quite  pronounced  only  after  several  days.  At  50°,  the 
total  decomposition  of  perchloric  acid  ceases  after  several  hours. 

Perchloric  acid  with  water  forms  a  series  of  hydrates  and  is 
chemically  completely  stable  in  this  state.  The  melting  point  of  a 
number  of  hydrates  is  presented  below: 

Melting  point, °C  Acid  concentra¬ 


tion,  $ 

HCIO^  .  -  112  100 

HClO^-IIgO  .  +  50  84.4 

HClO^HgO  .  -  17.8  72 


In  the  distillation  of  the  aqueous  solutions  of  perchloric  acid, 
the  boiling  point  gradually  increases  to  203.0°,  which  corresponds  to 
a  continuously  boiling  mixture  containing  72.4$  HCIO^. 

Industry  generally  produces  a  30-70$  perchloric  acid.  The  den¬ 
sity  of  the  70$  HCIO^  at  25°  is  equal  to  1.6644. 
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Only  the  anhydrous  perchloric  acid  is  of  interest  as  an  oxidizer. 
Under  laboratory  conditions,  anhydrous  perchloric  acid  is  obtained 
through  the  heating  of  potassium  perchlorate  with  95$  sulfuric  acid 
in  accordance  with  the  following  reaction: 

KCI04  +  H:SO«  -  HCIO4  4-  KHSO*. 

The  reaction  is  carried  out  with  the  gradual  heating  of  the  re¬ 
action  mixture  from  100  to  200°  in  a  vacuum  from  20  to  100  mm  Hg.  At 
a  pressure  of  45-50  mm  Hg,  perchloric  acid  boils  off  at  30-33°.  The 
product  of  the  reaction  boils  off  as  it  is  formed  and  is  condensed 
in  receivers  cooled  by  a  mixture  of  ice  and  salt.  95$  HgSO^  should 
be  taken  for  the  reaction,  since  the  99-100$  acid  may  result  in  the 
dehydration  of  the  perchloric  acid  with  the  formation  of  explosive 
chlorine  oxides.  Generally  3-4  parts  of  sulfuric  acid  are  taken  for 
each  part  by  weight  of  the  perchlorate  for  the  reaction,  in  order  to 
preserve  the  reaction  mass  in  liquid  form  upon  completion  of  the 
reaction.  The  perchloric-acid  yield  is  80-90$  of  the  theoretical. 

The  purest  perchloric  acid  is  obtained  when  94-95$  sulfuric  acid  and 
a  vacuum  of  10-20  mm  Hg  are  used.  The  resultant  perchloric  acid  con¬ 
tains  about  1$  of  impurities  (HgSO^,  HC1,  and  HgO) .  With  a  sulfuric 
acid  of  higher  concentration,  a  product  colored  greenish,  yellow, 
or  brown,  by  the  chlorine  oxides,  may  be  produced. 
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Appendix 

IL  PROPERTIES  OP  ROCKET 
COMBUSTIBLES* AND*  0X3 

Physicochemical  Properties  of  Combustibles 

Trie thy lamlne  (CgH^N 

Molecular  weight . 

Melting  point . 

Boiling  point . 

Density 

g/ err  3 


101.19 
-114. 8°C 
89.5°C 


•c 

—40,0 

+20,0 

+25,0 


0,784 

0,729 

0.723 


Critical  temperature . 

Critical  pressure . 

Saturation  Vapor  Pressure 


•c 

mm  Hg 

•c 

mm  Hg 

•C 

9.8 

30 ,0 

39,0 

125,5 

80,0 

15,7 

40,0 

48,7 

190,7 

89,5 

16,7 

43,5 

70,0 

400,0 

143,0 

30,9 

86,5 

262. 0°C 
30.0  atm 


mm  Hg 

580,0 

700,0 

2870,0 


Heat  of  combustion  at  20.0°C  (liquid)  1036; 8  keal/g-moxe 

Viscosity 


•c  centipoises  *c  centipoises 
—70,0  1,67  77,0  0,51 

_40,0  1,18  110,0  0,44 

Refractive  index  n^ .  1.40032 

Dlethylenetrlamlne  HgNCgH^NHCgH^NHg 


Molecular  weight 


103.17 


Boiling  point 


206. 7C 


-  700  - 


t  3 


Density  at  20.0°C .  O.956  g/cm3 

Coefficient  of  thermal  expansion  at  20.0°C .  0.00088  cm3/deg 

Saturation  vapor  pressure  at  120. 0°C .  622.0  mm  Hg 

Viscosity  at  120. 0°C . . .  71.4  centipoises 


Ethylenedlamlne  HgNCgH^NHg 


Molecular  weight . . .  60. 10 

Melting  point . . .  8.5°C 

Boiling  point .  116.1°C 

Density  at  20.0°C .  0.8994  g/cm3 

Saturation  vapor  pressure  at  21.5°C .  10.0  mm  Hg 

Heat  of  fusion  at  0.0°C..... .  77. 0  cal/g 

Heat  of  evaporation .  I67.O  cal/g 

Heat  of  combustion .  452.6  kcal/mole 

Viscosity  at  25.0  C .  1.54  centipoises 

Fefractive  index  nH^*° .  1.4540 


Unsymmetrlc  Dlmethylhydrazine  (CH3)2NNH2 


Molecular  weight .  60.078 

Melting  point .  -52.0°C 

Boiling  point .  63.0°C 

Density  at  22. 0  C.... 0. 7914  g/cm3 

Critical  temperature .  249. 0°C 

Critical  pressure .  60.0  atm 

Coefficient  of  thermal  expansion  at  15.6°C .  O.OOI33  cm3/deg 

Surface  tension  at  77-0°C .  28.0  dynes/cm 

Heat  of  fusion  at  -52.0°C .  10,0  cal/g 

Heat  of  evaporation  at  25.0°C .  139.3  cal/g 


-  701  - 


Heat  capacity  (solid) 


•c 

cal/mole-‘deg  *e  ce 

,1/mole  •  deg 

-260,2 

0,66 

-183,2 

11,50 

-253,2 

1,82 

-143,2 

14,99 

-243,2 

3,74 

-  93,2 

19,12 

-213,2 

8,32 

.  -  57,5 

22,48 

Heat  capacity  (liquid) 


•c 

cal/mole*  1 

leg  *c  i 

oal/mole*  deg 

-57,2 

36,25 

-  8,2 

38,07 

-43,2 

36,86 

+  1,8 

38,40 

-28,2 

37,44 

+11,8 

38,78 

-18,2 

37,76 

+25,0 

39,20 

\ 


Heat  of  formation . 

Heat  of  combustion  at  30.0°C 
Entropy  at  25.0°C  (liquid).. 


"  "  "  (gas) 
Viscosity  at  15.6°C. . . . 
Refractive  index  njp*°. 


-187.3  <iti  1/g 
7866.7  oal/g 
47.86  cal./mole’deg 
72.8  ca;./mole*deg 
0.586  centipoise 
1.4056 


Hydrogen  Hg* 

(Normal  hydrogen,  which  is  a  mixture 
of  ortho-  and  para -hydrogen) 


Molecular  weight .  2.0l4l8 

Melting  point .  -259. 1°C 

Boiling  point . .  — 252. 7°C 

Density 

*c  g/ cm^  .c  •  g/ cm3  .c  g/cm3 

-258,2  0,0755  —250,2  0,0670  — 244 ,2  0,07)0 

-256,2  0,0738  -248,2  0,0640  —242,2  0,0503 

-254,2  0.071S  -246,2  0,0604  -240,2  0,0356 

-252,2  0,0605 

Critical  temperature .  -239. 9°C 

Critical  pressure .  12.80  atm 

Critical  density .  0.031  g/cm3 


Coefficient  of  thermal  expansion  (solid) 

•c  cm^/deg 
-269,0  0,0024 

.  -^262,2  .  ,  0,0051 
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Coefficient  of  thermal  expansion  (liquid) 


K  atm  cm3/c!ee;, 

“253.2.  2,0  .  ;  0.0156 

-253,2  10,0  0,0137 

-242,2  10,0  0,0911 

—253,2  50,0  0,0098 


*c  atm  cm3/deg 

.—240,0  50,0  0,0196 

—253,2  100,0  0,0078 

-240,0  100,0  0,0114 


Compressibility  coefficient  (liquid) 


•c 

-253,2 

-253,2 

-242,2 

-253,2 


atm 

2,0 

10,0 

10,0 

50,0 


cm3/d@g 

0,00186 

0,00159 

0,02168 

0,00103 


•C 

-240,0 

-253,2 

-240,0 


atm  ■  cm3/deg 

50 .0  0,00297 

100,0  0,00076 

100,0  0,00140 


Saturation  vapor  pressure  (liquid) 


•c 

mm  Hg 

-259,2 

54,0 

-259,1 

57,0 

-257,2 

153,0 

-255,2 

345,9 

Saturation  vapor 

pressure 

•c 

•mm  Hg 

-259,1 

55,1 

-257,2 

149,1 

-255,2 

337,8 

-253,2 

GG2.G 

•c  *  Hj 

-253,2  675,7 

-251,2  1189,0 

-250,2  1529,6 

-249,6  1753,3 

of  100$  ortho-hydrogen 


*c  mm  Hg 

-251,2  11  ”0,4 

>-250,2  '1506,4 

“249,6  1730,8 


Surface  tension  of  hydrogen  (liquid) 
•c  dynes/cm  *c  dynes/cm 


-257,2  3,00  -251,2  1,88 

—255,2  2,60.  -249,2  1,50 

-253,2  2,25 

Heat  of  fusion  at  -259. 2°C  and  54.0  mm  Hg .  28.0  cal/mole 

Heat  of  fusion  of  hydrogen  vapor  at  259. 4°C  [sic] 

and  52.8  mm  Hg .  28.0  cal/mole 


Heat  of  evaporation  (liquid) 
°c  cal/mole 

-258,2  219,00 

-253,2  216,58 


Heat  of  evaporation"  of  hydrogen  vapor  (liquid) 


•c 

1  cal/liter 

•C 

cal/liter 

-255,2 

7998,093 

-249,2 

6622,077 

-253,2 

7654 ,089 

—247,2 

6002 ,879 

-251 ,2 

7155,283 

-245,2 

5332,062  ' 
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Heat  capacity  (liquid) 

•c  cal/mole* deg  *c  cal/mole*  deg 

-259,2  3,31  -255,2  4,04 

—255,2  3,46  —254,2  4,27 

-257,2  3,63  -253,2  4,50 

—256,2  3,83 

Heat  capacity  of  hydrogen  vapor  (liquid) 


•c  cal/mole* 

deg  *c  • 

cal/raole*deg 

-254,9 

4,18 

-248,2 

•  6,03 

-252,3 

4,71 

-245,6 

7,85 

-250,5 

5,33 

-241 ,2 

14,56 

Heat  of  formation  (gaseous) 


•c 

cal/mole 

•c 

cal/mole 

-273,18 

51  620,0 

H+ 

25,0 

367  088,0 

25,0 

52  089,0 

H, 

-273,18 

0,0 

-273,18 

365  138,0 

H, 

25,0 

0,0 

Heat  of  combustion  at  25°C .  28,669.6  cal/g 


Entropy  (liquid) 
cal/mole* 


•C 

atm 

•deg 

•c 

atm 

•deg 

-253,2 

2,0 

0,013 

-253,2 

50,0 

0,396 

-253,2 

10,0 

0,095 

-243,2 

50,0 

1,000 

-243,2 

10,0 

0,125 

-253,2 

100,0 

0,663 

-253,2 

30,0 

0,261 

-243,2 

100,0 

1,481 

-243,2 

30,0 

0,692 

-243,2 

150,0 

1,792 

cal/mole- 


Enthalpy 


•C 

atm 

cal/mole 

•C 

atm 

cal/mole 

253,2 

2.0 

0,488  . 

-253,2 

100,0 

50,283 

■253,2 

10,0 

4,262 

-243,2 

100,0 

23,452 

■253,2 

30,0 

14,131 

-243,2 

150,0 

46,222 

•253,2 

50,0 

24,327 

Viscosity  (liquid) 


•c  centipoise 
-258,1  229 ,3- 10"* 

-256,9  204,6-10-* 

-255,4  177,2-10-* 


•c  centipoise 

-254,4  160,0-10-* 

-253,9  151 ,9*10"* 

— 252 ,5  136,2-10-* 


Dielectric  constant  of  hydrogen  (liquid) 


I  ,2501 
l  ,2421 
1 ,2387 
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Anhydrous  Hydrazine  NgH^ 


Molecular  weight . 

Melting  point... . 

Bolling  point 

atm  *c 

1,0  113,0 

1,96  ,  134,5 

Density  at  -4.4°C  (solid) . 

Density  (liquid) 

•c  g/cm3 

0,0  1 ,0258 

0,2  1  ,0256 

20,0  1 ,0085 


32.05 

+1.4°c 


1. 146  g/cm^ 


Density  of  saturated  vapor 


•c 

mm  Hg 

g/cm3 

•C 

mm  Hg 

g/cm3 

90,0 

265,0 

0,000365 

110,0 

287,0 

0,000365 

95,0 

273,0 

0,000365 

120,0 

294 ,0 

0,000365 

100,0 

277,0 

0,000365 

131,0 

747,0 

0.000952 

Critical  temperature .  380.0°c 


Critical  pressure 


145.0  atm 


Critical  volume 


138.6  cmVmole 


Saturation  vapor  pressure 


•C 

mm  Hg 

•c 

0,0 

2,69 

35,0 

15,0 

7,65 

40,0 

20,0 

10,55 

45,0 

25,0 

14,38 

50,0 

30,0 

19,29 

mm  Hg  • 

'C 

mm  Hg. 

25,67 

55,0 

72,85 

33,82 

60,0 

92,43 

44 ,08 

65,0 

116,30 

56,91 

70,0 

145,12 

Surface  tension 
■c  dynes/cm 

20,0  74,76 

40,0  69,76  ‘ 


Heat  of  fusion  at  25.0°C 


94.5  cal/g 


Heat  of  evaporation  at  25.0°C 


10,700.0  cal/mole 
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Heat  capacity  (solid) 


c 

al/mole • 

ca,l/mole:* 

cal/mole* 

•L 

•  deg 

•deg 

•c 

•deg 

-261 ,2 

0,07 

-193,2 

5,96 

-93,2 

11,36 

-253,2 

,  0,35 

-173,2 

7,37 

-73,2 

12,19 

-233,2 

2,13 

-133,2 

9,57 

-33,2 

13,86  . 

-213,2 

4,23 

Heat 

capacity  (liquid) 

c al/mole- 

c  al/mole* 

cal/mole* 

•c 

-deg 

•c 

•deg 

•C 

•deg 

1,7 

23,29 

25,0 

23,62 

47,0 

23,96 

7,0 

23,37 

27,0 

23,65 

57,0 

24,14 

17,0 

23,51 

37,0 

23,80 

67,0 

24 ,34 

Heat  of  formation  at  25°C  (liquid)... 
Heat  of  combustion  at  25°C  (liquid).. 

Entropy  at  25°C  (liquid) . 

Enthalpy  at  25°C  (liquid) . 


-376.30  cal/g 
4640.0  cal/g 
0.9052  cal/g- deg 
56.6  cal/g 


Viscosity  (liquid) 


•c  centipolse's  -c  centipoises  -c  centipoises 
0,0  1,314  3,0  1,251  15,0  1,044 

1,0  1,293  5,0  1,207  20,0  0,974 

2,0  1,272  10,0  1,118  25,0  0,905 


Refractive  index 


•c  «D 

35,0  1,4644 

25,0  1,4687 

20,0  1,4708 


n-Propyl  Nitrate  CH^CHgCHgONOg 


Molecular  weight. 

l  1  1 

105.09 

Melting  point.... 

•  •  • 

-101.  i°c 

Boiling 

point • • • * 

Density  (liquid) 

•  •  • 

110. 5°C 

•c 

g/cm3 

•c 

g/cm3 

•c 

g/cm3 

-50,0 

1,1419 

10,0 

1 ,0696 

140,0 

0,8935 

-30,0 

1,1182 

30,0 

1 ,0145 

190,0 

0,8127 

-20,0 

1,1062 

60,0 

1 ,0087 

240,0 

0,7154 

-10,0 

1,0941 

90,0 

0,9654 

290,0 

0,5664 

307. 0°C 


Critical  temperature 
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Critical  pressure .  40.0  atm 

Critical  density . .  O.356  g/cin ? 


Coefficient  of  thermal  expansion  at  20.0°C .  0.000955  cnp/deg 


Saturation  vapor  pressure 


•c 

atm 

•C 

atm  *c 

atm 

-50,0 

O', 00004 

ip.o 

0,01370  140,0 

2,20000 

-30,0  . 

0,00070 

•  30,0 

0,04230  190,0 

6,59000 

-20,0 

0,00170 

60,0 

0,16900  240,0 

15,80000 

-10,0 

0,00350  . 

90,0 

0,51700  290,0 

32,20000 

Surface 

tension 

K 

dynes/cm  *c  •  dynes/cm 

17,8 

27,45 

40,9  24,45 

22,3 

27,02 

58,4  22,53 

Heat  of  evaporation 

•c 

cai/mole 

•c  cal/mole 

20,0 

9500,0 

160,0  7400,0 

40,0 

9280,0 

210,0  6300,0 

70,0 

8270,0 

260,0  4600,0 

Heat  capacity  at  25.0°C .  0.419  cal/g*deg 

Viscosity 

•c  centipoises  *c  centipoises 


-78,5 

8,1 

30,0 

0,58 

-58,0 

3,0 

40,0 

0,50 

-30,0 

1.4 

60,0 

0,38 

0,0 

0,99 

Refractive  index  n£  .  1.3979 


Theoretical  characterization  of  combustion 
of  n-propyl  nitrate 


Combustion  chamber 

■  Temperature  in  com¬ 

Specific  impulse 

pressure,  atm 

bustion  chamber,  °K 

sec 

20.4 

— 

167 

20.4 

1252 

166 

20.4 

1276 

169 

54.4 

1325 

186 

68.0 

— 

190 

Isopropyl  Nitrate  (CH^gCHONOg 


Molecular  weight .  105.09 

Boiling  point .  102. 0°C 

Density  at  l8.9°C .  I.036  g/crn^ 
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Physicochemical  Properties  of  Oxidizers  fl,  3.  4] 

Te tranltr ome thane  C(N02)^ 

Molecular  weight .  196.043 

Melting  point .  +14.2 

Bolling  point .  126. 0°C 

Density  (liquid) 

*c  s/cm  ^ 

13,0  1,650 

25.0  1,630 

Saturation  vapor  pressure 


•c 

mm  Hg 

•C 

0,0 

•  1,9 

80,0 

20,0 

8,4 

100,0 

40,0 

75,8 

125.0 

60,0 

68,0 

Heat  of  fusion  at  l4.2°C . . 

Heat  of  evaporation  at  125. 7°C . . 

Heat  capacity  (solid) 

cal/mole «  cal/mole* 


2250.6  cal/mole 
9200  cal/mole 

cal/mole • 


•c 

•deg 

•c 

•deg 

•C 

•deg 

—215 ,1 

17,14 

-154,7 

28,25 

-63,3 

50,99° 

-196,1 

21,06 

-131,2 

31 ,48 

5,5 

63,36 

-182,3 

23,55 

-  90,3 

43,41 

10,0 

88,38 

Heat  capacity  (liquid) 

cal/mole* 

•c  •  deg 

19,1  57,36 
25,8  58,19 

Heat  of  combustion . 

Viscosity  at  20.0°0 . 

Refractive  index 

•c  «D 

20,0  1,43840 

25,0  1,43580 


Perchloryl  Fluoride  CIO^F 


89.6  kcal/mole 
I.76  centipoises 


Molecular  weight. 
Melting  point. . . . 


102.457 


-110. 0UC 
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Boiling  point 


-46.  B°C 


Density  (liquid) 


•c 

g/cm3 

•C 

g/cm3 

•C 

g/o;n3 

-140,0 

1,981 

-70,0 

1,770 

0,0 

1,518 

-130,0 

1,952 

-60,0 

1,737 

10,0 

1  478 

-120,0 

1,923 

-50,0 

1,700 

20,0 

1.434 

-110,0 

1,894 

-40,0 

1,669 

30,0 

1  389 

-100,0 

1,864 

-30,0 

1,634 

40,0 

.  1 ,239 

-  90,0 

1,833 

-20,0 

1,597 

50,0 

1  287 

-  80,0 

1,802 

-10,0 

1,559 

Critical  temperature 


Critical  pressure . . 

i 

Critical  density . i . ••••'• 

Coefficient  of  thermal  expansion  for  0.0-10,.0°C 

Compressibility  coefficient  at  80.0  C.. . 

Saturation  vapor  pressure 


53.00  atm 
0.637  g/cm3 
24.0*10"^  cm3/deg 
3.25‘10"3  atm-1 


•c 

atm  ■ 

•c 

atm 

•c 

atm 

■120,0 

0,004 

-17,78 

3,241 

54,44 

!  1  ,'61 

■90,0 

.  0,074 

-  6,67 

4,808* 

71,11 

11,081 

■70,0 

0,290 

10,00 

7,923 

82,22 

,1,102 

34,44 

1,715 

26,67 

12,512 

93,93 

.VI  ,349 

■28,99 

2,141 

37,78 

16,512 

Surface  tension 

•c  dynes/cm 

-75,2  24,05 

-65,0  22,31 

-55,7  21  ,25 


Heat  of  evaporation 
•c  cal/mole 

— IG  ,8  4600,0 

-25,0  3500,0 

.Heat  capacity  (liquid) 

cal/mole* 

•c  *  deg 

20,0  1.261 

40,0  0,277 

60,0  0,307 

80,0  0,395 


. cal/mole* 
•c  *  deg 

-50,0  0,225 

-40  ,Q  0,229 

-20,0  0,238 

0,0  0,249 


-  709 


Heat  capacity  at  constant  pressure  (gaseous) 


cal/mole 

*c  *  deg 

— 173.16  8,461 

“73.2  12,074 

126.8  18,153 

326.8  21,321 


cal/mole 
*c  •  deg 

326.8  22,968 

72C,8  23,882 

1726.8  25,301 


cal/mole 

•c  .  deg 

2726.8  25,593 

3726.8  25,696 

4726.8  25,746 


1 


Heat  of  formation  at  25.0°C .  +5.1200  cal/mole 

Entropy  at  25.0°C  (gaseous) . .  66.51  cal/mole-deg 

Viscosity  ( liquid) 

•c  centipoise  *c  centipoise  *c  centipoise 

-80,0  0,620  .  -30,0  0,298  20,0  0,184 

-70,0  0,521  -20,0  0,267  30,0  0,170 

—60,0  0,444  -10,0  0,240  40,0  0,158 

-50,0  0,384  0,0  0,219  50,0  0,148 

-40,0  0,337  10,0  0,200  60,0  0,139 

Chlorine  Trifluoride  CIF^ 

Molecular  weight .  92.46 

Melting  point . . .  -82.6°C 

Boiling  point .  11.3°C  . 


Density  (liquid) 

•c  •  g/cm3 

-4,07  1  ,8970 

1 ,70  1 ,8806 

9,64  1,8566 

12,68  1,8476 

20,92  1,8218 

26,90  1,8031 

38,71  1,7654 

45,63  1,7431 


Density  of  saturated  vapor 

,c  g/ cra.3 


0,0  0,0027 

12,0  0,0010 

40,0  O', 0105 

Critical  temperature .  174. 0°C 

Critical  pressure .  57.0  atm 

Saturation  vapor  pressure 

•c  mm  Hg  *c  mm  Hg 

-46,97  20,06  12,24  775,88 

2,37  503,67  21,02  1107,60 


.-710  - 


Boiling  point 


-46.8°C 


Density  (liquid) 


•c 

g/ cm3 

•c 

g/cm3 

•C 

g/cm3 

-140,0 

1,981 

-70,0 

1,770 

0,0 

1,518 

-130,0 

1,952 

-60,0 

1,737 

10,0 

1 ,478 

-120,0 

1,923 

-50,0 

1,700 

20,0 

1,434 

-110,0 

1,894 

-40,0 

1,669 

30,0 

1,389 

-100,0 

1,864 

-30,0 

1,634 

40,0 

.  1,339 

-  90,0 

1,833 

-20,0 

1,597 

50,0 

1,287 

-  80,0 

1,802 

-10,0 

1,559 

Critical  temperature .  o 

Critical  pressure .  53-00  atm 

Critical  density .  0.637  g/cm 

Coefficient  of  thermal  expansion  for  0.0-10.0°C .  24.0*10  ^  cm^/deg 

O 

Compressibility  coefficient  at  80. 0°C. . .  . .  3-25-10  atm 

Saturation  vapor  pressure 

•c  atm-  *c  atm  -c  atm 

-120,0  0,004  17 ,78  3,241  54,44  24,101 

-90,0  ,  0,074  —  6,67  4,808  71,11  34,081 

-70,0  0,290  10,00  7,923  82,22  42,102 

-34,44  1  .715  26,67  12,512  93,93  51,349 


-28,99  2,141  37,78  16,512 


Surface  tension 


•c 

dyne  s/ cm 

-75,2 

24  ,05 

— fi5,9 

22,31 

—55 ,7 

21,25  ■ 

Heat  of  evaporation 
/  *c  '  cal/mole 

—10,8  4000,0 
-25,0  3500,0 

Heat  capacity  (liquid) 

cal/mole  • 
-c  •  deg 

20,0  1,261 

40,0  0,277 

60,0  .  0,307 

80,0  0,395 


cal/mole; 
-c  *  deg 
-50,0  0,225 

-40,0  0,229 

—20 ,0  0 ,238 

0,0  0,249 


Heat  capacity  at  constant  pressure  (gaseous) 


cal/mole 

•c  •  deg 

—173 ,16  8,161 

~  73,2  12,074 

126,8  18,153 

326,8  21,321 


cal/mole 
•c  •  deg 

526.8  22,968 

7?6.8  23,882 

1726.8  25,301 


cal/mole 
*c  •  deg 

2726.8  25,593 

3726.8  25,696 

4726 .8  25,746 


Heat  of  formation  at  25.0°C .  +5.1200  cal/mole 


Entropy  at  25.0°C  (gaseous) 


66.51  cal/mole *deg 


Viscosity  (liquid) 


•c  centipoise  *c  centipoise  *c  centipoise 


-80,0 

0,620  . 

-30,0 

0,298 

20,0 

0,184 

—70,0 

0,521 

-20,0 

0,267 

30,0 

0,170 

-60,0 

0,444 

-10,0 

0,240 

40,0 

0,158 

-50,0 

0,384 

0,0 

0,219  . 

•  50,0  - 

0,148 

-40,0 

0,337 

10,0 

0,200 

60,0 

•  0,139 

Chlorine  Trlfluorlde  CIP^ 


Molecular  weight .  92.46 

Melting  point . . .  -82.6°C 

Boiling  point . .  11.3°C 


Density  (liquid) 


•c 

-4,07 
— T',70 
9,64 
12,68 
20,92 
26,90 
38,71 
45,63 


6/  uiu-' 

1 ,8970 


1,8506 
1 ,8476 
1 ,8218 
1,8031 
1 ,7654 
1 ,7431 


Density  of  saturated  vapor 


’c  g/cia3 

0,0  0,0027 

(2,0  0,0010 

^.0  o', 0105 


Critical  temperature. 
Critical  pressure.. 


Saturation  ’l 

poi1  pressure 

•c 

mm  Hg 

•c 

mm  Hg 

-46,97 

20,06 

12,24 

775,88 

2,37 

503,67 

21,02 

1107,60 

710 


l 


174. 0°C 
57*0  aim 


\ 


X 


l 


Surface  tension  (liquid) 


•c  dynes/cm  *c  dynes/cm  *c  dynes/cm 


0,0  26,6  14,6  24,3  38,0  20,3 

4.0  26,0  20,6  23, i  42,0  20,0  ‘ 

9,0  25,1  25,5  22,7  49,9  18,7 

Heat  of  fusion  at  -76.32°C .  1819.3  cal/mole 

Heat  of  evaporation  at  11.75°C .  6580. 0  cal/mole 


Heat  capacity  (solid) 


cal/mole* 

cal/mole 

•c 

•  deg 

•c 

•  deg 

-259,12 

1,03 

-170,32 

12,43 

-250,42 

2,67 

-146,62 

14,16 

-232,49 

8,42 

-112,55 

16,59 

-216,86 

10,96 

-  94,54 

17,88 

Heat  capacity  (liquid) 

cal/mole* 

cal/mole* 

•c 

•  deg 

•c 

•deg 

-76,32 

26,68 

-24,55 

27,38 

-68,33 

26,78 

-  3,30 

27,84 

-56,63 

26,94 

5,09 

28,02 

-46,21 

27,05 

Heat  capacity  at  constant  pressure  (gas) 


cal/mole* 

cal/mole* 

•C 

•  deg 

•C 

•deg 

-  23,16 

14,48 

626,89' 

19,20 

26,89 

15,58 

926,89 

19,48 

326,89 

18,45 

1226,89 

19,63 

Free  energy  (gaseous) 

/  .c  cal/mole/  *c  cal/mole 
/  _  23,16  /  54,81  /  626,89  71,84 

26,89/  56,80/  926,89  76,54 

326,89  65,71  1226,89  80,34 


Free  energy  of  formation 


'C 

cal/mole 

•C 

cal/mole 

-23,16 

30  970,0 

626,89 

-11  050,0 

26,89 

29  410,0  . 

1226,89 

-  6650,0 

326,89 

20  130,0 

Entropy  at  11.75°C  (liquid) .  43.66  cal/g*deg 


-  711  - 


Entropy  (gaseous) 


•c 

cal/mole* 

•deg 

•C 

cal/mole- 

•deg 

-23,16 

2647,5 

626,89 

14  274,0 

26,89 

•  3390,0 

926,89 

20  088,0 

326  J9 

8810,0 

1226,19 

25  960,0 

Viscosity  (liquid) 


•c  centipoise 

1 U  0,448 

17,7  0,447 

1».4  0,438 

»,0  0,407 


•c  centipoi8e 

33,6  0,380 

36  4  0,365 

39,8  0,352 

48,0  0,323 


Fluorine  P2 


Molecular  velght .  38*00 

Melting  point .  -218. 0°C 

Bolling  point .  -188. 3°C 


Density  (liquid) 


•C 

g/cm3 

•c 

g/cm3 

-207,4 

1,638 

.  -191 ,4 

1,532 

-201,4 

1,594 

-158,8 

1 414 

-108,2 

1,578 

-188,1 

1,505 

-1944 

1,550 

Critical  temperature .  -129. 2°C 

Critical  pr3ssure .  55*0  atm 


Saturation  vapor  pressure 


•c 

mi:  Hg 

•c 

mrr.  Hg 

•c 

mm  Hg 

-219,6 

.67 

-203,6 

5440 

-190,1 

604,12 

-215,6 

.  ,94 

-200,6 

139,67 

-188,1 

763,06 

-212,7 

1:  ,89 

-196,0 

280,40 

-185,6 

1002,72 

-206,6 

41,12 

-193,1 

412,75 

-183,8 

1219,89 

Surface 

tension 

< 

dynes/cm 

•c  dynes/cm 

—.16.1 

14,61 

-207,9 

13,17 

-?  3.2 

14,16 

-2024 

12,20 

-Ml, 7 

13,85 

-191,7 

10,41 

Heat  of  fusion  at  -219. 6°C . 

Heat  of  evaporation  at  -l85.95°C 
(liquid) . 


390.0  cal/ mole 
1560.0  cal/ mole 
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Heat  capacity  (solid) 


cal/mole > 

Cl 

al/mole* 

•C 

•  deg 

•c 

•  deg 

—258,2 

1,167 

-237,8 

5,561 

-253,1 

2,240 

-230,1 

7,120 

-2-17,7 

3,440 

225,2 

7,741 

-251 ,2 

4,795 

— 

Heat  capacity  (liquid) 

cal/mole  ■ 

• 

cal/mole* 

•c 

•  deg 

•c 

•  deg 

-219,6 

13,700 

—203,2 

13,558 

-213,2 

13,680 

—  193,2 

13,793 

-208,2 

13,607 

—  188,1 

13,948 

Heat 

capacity 

at  constant  pressure  (gaseous) 

cal/mole 

•  ca 

l/mole  * 

ca 

l/mole 

•C 

•deg 

•c 

•  deg 

•c 

•deg 

-187,9 

6,950 

126,8 

7,848 

1726,8 

8,881 

-153,2 

6,960 

226,8 

8,187 

2726,8 

9,258 

-  73,2 

7,110 

426,8 

5,535 

3726,8 

9,388 

-  33,2 

7,270 

626,8 

8,722 

4726,8 

9,510 

26,8 

7,445 

1226,8 

8,989 

Heat  capacity  at  constant  volume  at  25.0°C  (gaseous)  5.535  cal/mole-deg 

Entropy  (liquid) 


cal/mole* 

cal/mole  • 

•C 

•  deg 

•C 

•deg 

-219,6 

14,586 

-203,2 

•  18,245 

-218,2 

14,955 

-193,2 

20,067 

-213,2 

16,146 

-188,2 

•  20,907 

Enthalpy  (gaseous) 

"C 

cal/mol 

e  *c  ca 

l/mole 

•c  cal/mole 

—  IS3.2 

626,0 

-113,2 

1.23,0 

-33,2  1817,0 

-173.2 

695,0 

-  93,2 

1280,0 

-13,2  2024,0 

-153,2 

834,0 

-  73,2 

1440,0 

6,8  2255,0 

-133,2 

977,0 

Viscos 

lty  at  -188.  2°C  (liquid) .  . 
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DEPARTMENT  OP  DEJBNSE  Nr.  Copies 


HEADQUARTERS  USAP 

/ 

AFCIN-3D2 


OTHER  AGENCIES 


CIA 

NSA 

AID 
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AEC 

PVS 

NASA 


P17C 

cia/osi 

AID/LC 

NASA  (Cleveland) 
PG3 
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6 

2 

2 
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